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Preface

This dissertation is presented as 3 separate but related papers:
Chapter 2 was published as: Haddad S. & McKenna D.D. 2016. Phylogeny and evolution
of the superfamily Chrysomeloidea (Coleoptera: Cucujiformia). Systematic Entomology. 41:
697–716.
Chapter 3 will be submitted as: Haddad S., Shin S., Lemmon A.R., Lemmon E.M.,
Svacha P., and McKenna D.D. Anchored hybrid enrichment reveals new insights into the
phylogeny and evolution of longhorned beetles (Cerambycidae).
Chapter 4 will be submitted as: Haddad S. Characterizing the antennal sensilla in the
longhorned beetle Cirrhicera sallei Thomson (Hemilophini: Lamiinae).
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Abstract
Haddad, Stephanie. PhD. The University of Memphis. December, 2016. The higher-level
phylogeny of Cerambycidae sensu lato and new insighs in the structure of tufted antennae. Major
Professor: Dr. Duane McKenna (Associate Professor, Department of Biological Sciences).

Cerambycidae (longhorned beetles) is a species-rich family of mostly wood-feeding
beetles containing nearly 35,000 species. It belongs to the superfamily Chrysomeloidea and
includes many ecologically and economically significant species. The higher-level phylogeny of
Cerambycidae has never been robustly reconstructed using molecular phylogenetic data or a
representative sample of higher taxa, and its internal relationships and evolutionary history
remain the subjects of ongoing debate. As such, the systematics and evolution of
Chrysomeloidea were reviewed herein to provide context for reconstructing the phylogeny of
longhorned beetles using molecular phylogenetic data/analyses. The first higher-level molecular
phylogeny of Cerambycidae was reconstructed via analysis of phylogenomic data from 522
single copy nuclear genes, generated via anchored hybrid enrichment. The taxon sample included
exemplars of all families and 23/30 subfamilies of superfamily Chrysomeloidea (longhorned
beetles, leaf beetles, and their relatives). The inferred phylogenetic hypotheses revealed a
monophyletic Cerambycidae sensu stricto in all but one analysis, and a polyphyletic
Cerambycidae sensu lato. When monophyletic, Cerambycidae sensu stricto was sister to the
family Disteniidae. Relationships among the subfamilies of Cerambycidae sensu stricto were
also recovered with strong statistical support, except for Cerambycinae, which was rendered
paraphyletic by Dorcasomus (Dorcasominae) in the nucleotide (but not amino acid) trees. Most
other chrysomeloid families represented by more than one terminal taxon – Chrysomelidae,
Disteniidae, Vesperidae, and Orsodacnidae – were monophyletic, but Megalopodidae was
rendered paraphyletic by Cheloderus (Oxypeltidae). These results corroborate relationships
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previously inferred from morphological data, while also reporting several novel relationships.
The present work thus provides a robust framework for future, more deeply taxon-sampled,
phylogenetic and evolutionary studies of the families and subfamilies of Cerambycidae sensu
lato and other Chrysomeloidea. In addition to the phylogenetics of Cerambycidae, I was also
interested in the evolution of a curious morphological alteration in the group. Some cerambycids
have evolved setal tufts resembling bottle brushes on their antennae. The function of these
interesting appendages remains unknown and their structures have not been examined using
scanning electron microscopy. As such, the sensilla present on the tufted antennae of the
cerambycid species Cirrhicera sallei Thomson (subfamily Lamiinae) were investigated using
scanning electron microscopy. This work serves as a first step towards better understanding the
function and evolution of these unusual antennal features in cerambycids.
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Chapter 1: Introduction
The number of described extant species in the order Coleoptera (beetles) exceeds that of
any other ordinal-level lineage on Earth with ~380,000 described species (Ślipiński et al., 2011).
Nonetheless, an estimated 70-95% of beetles remain undescribed (Grove and Stork, 2000). Many
studies have attempted to explain the historical patterns of beetle diversification (e.g., Farrell,
1998; Hunt et al., 2007; McKenna et al., 2009), and most recently, this inordinate diversity has
been attributed to historically low extinction rates (Smith and Marcot, 2015).
The Phytophaga, a clade comprised of the sister superfamilies Curculionoidea (weevils)
and Chrysomeloidea (leaf beetles, longhorned beetles, and allies), contains approximately half of
all herbivorous insects (Farrell, 1998). Phytophaga is the most extensively studied group within
Cucujiformia (McKenna, 2014), and the reciprocal monophyly of Chrysomeloidea and
Curculionoidea has been well established by several molecular phylogenetic studies (e.g.,
Farrell, 1998; Farrell and Sequeira, 2004; Marvaldi et al., 2009; McKenna et al., 2009, 2015).
Within Chrysomeloidea, the longhorned beetle family Cerambycidae is one of the most diverse
and species rich insect families, with 30,000 (Ślipiński et al., 2011) to 35,000 (Lawrence, 1982;
Grimaldi and Engel, 2005; Monné et al., 2009) described extant species. It is a cosmopolitan
family, attaining maximum species richness in the tropics. In the strict sense, Cerambycidae
includes 8 subfamilies (Cerambycinae, Dorcasominae, Lamiinae, Lepturinae, Necydalinae,
Parandrinae, Prioninae, Spondylidinae). Cerambycidae sensu stricto (s. str.) and the families
Disteniidae, Oxypeltidae, and Vesperidae form the informal grouping Cerambycidae sensu lato
(s. l.). Cerambycids greatly impact the natural ecosystems in which they reside, mainly by being
major recyclers of dead wood. Feeding damage, especially when inflicted by larvae, can kill the
host, either directly, or by making the host susceptible to pathogens.
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While many aspects of cerambycid biology, ecology, and taxonomy have been well
studied, the phylogenetic relationships among the subfamilies of Cerambycidae s. str., the
families of Cerambycidae s. l., and relationships among Cerambycidae s. l. and other families
within Chrysomeloidea (such as Orsodacnidae and Megalopodidae) are unresolved. In fact, there
are no comprehensive molecular phylogenetic studies of Cerambycidae s. str. or Cerambycidae
s. l. to date, which has been an impediment to studying cerambycid phylogeny and evolution,
and cerambycid classification. As such, the main aim of my dissertation research has been to
improve our understanding of the relationships among the families and subfamilies of
Cerambycidae s. l. using a new cost-effective and labor-efficient phylogenomics approach called
anchored hybrid enrichment (AHE; Lemmon et al., 2012). In chapter 2, I reviewed the current
state of chrysomeloid phylogenetics, focusing mainly on the past 20 years of research, and based
primarily on published molecular phylogenetic studies of the group. In chapter 3, I reconstructed
the first higher-level phylogeny of Cerambycidae s. l. using phylogenomic data from 522 single
copy nuclear genes generated via anchored hybrid enrichment.
For chapter 4, I studied the structure of the unusual antennal tufts present on the antennae
of some cerambycid beetles. The structure, function, and evolution of these antennal features
remains a mystery. I visited the Smithsonian National Museum of Natural History (SNMNH) in
Washington D.C. and informally surveyed the cerambycid collection for species with antennal
tufting. I took one such specimen on loan from the SNMNH: Cirrhicera sallei Thomson
(Lamiinae: Hemilophini). I carried out exploratory scanning electron microscopic (SEM) study
of the antennae of this specimen as a first step towards better understanding the function of these
unusual morphological features. To my knowledge, there is, to date, no published study reporting
on the SEM imaging of the antennal tufts of any cerambycid species.
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Chapter 2: Phylogeny and Evolution of Superfamily Chrysomeloidea
(Coleoptera: Cucujiformia)
Introduction
Chrysomeloidea Latreille (>63,000 described extant species; Ślipiński et al., 2011; see
fig 2.1 in appendix 1 for images of exemplars) is one of seven superfamilies in series
Cucujiformia Lameere. It contains the families Chrysomelidae Latreille, Cerambycidae Latreille,
Megalopodidae Latreille, Vesperidae Mulsant, Oxypeltidae Lacordaire, Disteniidae J. Thomson,
and Orsodacnidae C.G. Thomson1 (e.g., Hunt et al. [2007], McKenna & Farrell [2009]).
Furthermore, and following the cerambycid chapters (2.1-2.4) in the Handbook of Zoology
(Leschen & Beutel, 2014), the family Cerambycidae sensu stricto (s. str.) includes the
subfamilies Lamiinae, Cerambycinae, Lepturinae, Prioninae, Dorcasominae, Parandrinae,
Spondylidinae, and Necydalinae, and Cerambycidae sensu lato (s. l.) includes the families
Cerambycidae s. str., Disteniidae, Oxypeltidae, and Vesperidae.
Chrysomeloidea is widely considered to be the sister group of superfamily
Curculionoidea Latreille, the weevils [Marvaldi et al. (2009), McKenna et al. (2009), McKenna
et al. (2015), Robertson et al. (2015)]. Together, Chrysomeloidea and Curculionoidea form a
clade informally known as the Phytophaga, the largest and most diverse radiation of
phytophagous beetles, with more than 125,000 described extant species. It is the second largest
lineage of phytophagous animals after the order Lepidoptera (Grimaldi & Engel, 2005).
The phylogeny and evolution of Chrysomeloidea have received considerable attention from
systematists (see references herein). Nonetheless, the interrelationships of its families and

1

The classification used herein follows the chrysomeloid chapters of the Handbook of Zoology (Leschen & Beutel,
2014), unless otherwise noted.
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subfamilies remain mostly uncertain, and many fundamental questions about chrysomeloid
evolution persist. This is especially true for the large family Cerambycidae, for which there is not
yet a published higher-level molecular phylogeny. Notable comprehensive reviews of
Chrysomeloidea include Crowson (1955) and the chrysomeloid chapters (2.1-2.4) of the
Handbook of Zoology (Leschen & Beutel, 2014), the latter of which comprise the most
comprehensive recent review of the families and subfamilies of Chrysomeloidea.
In this chapter, we review the current state of Chrysomeloidea phylogenetics, specifically
focusing on the last 20 years of phylogenetic systematic research on this group, and based
primarily (but not exclusively) on published analyses of molecular data. Our review is structured
taxonomically, with the first sections dealing with the phylogenetic neighborhood of
Chrysomeloidea and their relatives, followed by sections on Chrysomelidae, and Cerambycidae
and its relatives. For major papers discussed in this text, refer to Table 2.1 in appendix 1 for a
summary of taxon sampling and Table 2.2 in appendix 1 for a summary of the data analyzed.
Near Relatives of Chrysomeloidea
Recent studies mostly recover the Phytophaga sister to Cucujoidea s. str. [following
Robertson et al. (2015)], or a subset thereof [e.g., Marvaldi et al. (2009), McKenna et al. (2015),
Robertson et al. (2015)], though the true relationship between Cucujoidea s. str. and the
Phytophaga remains unclear. In the studies of Farrell (1998) and Farrell & Sequeira (2004), both
of which report combined analyses of molecular and morphological data, and in the molecular
study of Gómez-Zurita et al. (2007), Phytophaga and its constituent superfamilies were
monophyletic. In the molecular study of Marvaldi et al. (2009), Phytophaga was monophyletic
and sister to Cucujoidea s. str. In all of these studies, Chrysomeloidea and Curculionoidea were
sister groups. However, taxon sampling in these studies, including the numbers and kinds (in
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terms of family and subfamily representation) of Phytophaga and non-Phytophaga sampled (e.g.,
Cucujoidea s. str. and other outgroups in Cucujiformia) differs substantially. For example,
Farrell (1998) sampled both Chrysomeloidea (65 exemplars/genera) and Curculionoidea (44
exemplars/genera), and included three taxa from outside of the Phytophaga as outgroups
(Tenebrionidae Latreille [Tenebrio molitor Linnaeus], Melyridae Leach [Collops
quadrimaculatus Fabricius], and Erotylidae Latreille [Cypherotylus boisduvali Chevrolat]).
Farrell & Sequeira (2004), and Gómez-Zurita et al. (2007) focused their taxon sampling on
Chrysomeloidea, and their outgroup sampling did not include any non-Phytophaga. Farrell &
Sequeira (2004) included 7 total outgroups from the families Nemonychidae Bedel, Anthribidae
Billberg, and Belidae Schönherr (all Curculionoidea). Gómez-Zurita et al. (2007) did not include
any taxa outside of Chrysomeloidea, and rooted their trees with Vesperus sanzi Reitter
(Vesperidae) on the basis of this being “a plesiomorphic group near or within Cerambycidae”
(citing the morphological study of Svacha et al., 1997). Marvaldi et al. (2009) sampled
exemplars from most families of Phytophaga, including 39 Chrysomeloidea and 35
Curculionoidea, a broad sample of exemplars from most other superfamilies of Cucujiformia (4
Cleroidea Latreille, 6 Tenebrionoidea Latreille, 3 Coccinelloidea Latreille, and 9 Cucujoidea
Latreille), and select other Polyphaga (3 Scarabaeoidea Latreille, 3 Elateriformia, and 2
Bostrichiformia).
The near comprehensive higher-level phylogenetic studies of Coleoptera by Hunt et al.
(2007), McKenna & Farrell (2009), Lawrence et al. (2011), Bocak et al. (2014), and McKenna et
al. (2015), provide some insights into the phylogeny of Chrysomeloidea, and its placement
among other polyphagan Coleoptera (these studies are discussed in greater detail below). In the
molecular study of Hunt et al. (2007), Phytophaga was rendered paraphyletic by most of
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Cucujoidea s. str. (the Erotylid series, Nitidulidae Latreille, and the traditional Cucujid series and
Silvanid series) in their 340-taxon Bayesian analysis, and Chrysomeloidea and Curculionoidea
were each monophyletic. In the 18S molecular phylogenetic study of McKenna & Farrell (2009),
which sampled 955 genera of Coleoptera and 6 outgroups, both Chrysomeloidea and
Chrysomelidae were polyphyletic, similar to results obtained by Hunt et al. (2007) in analyses of
their 1880-taxon data set, which also contained data from 18S (plus 16S and COI). In Bocak et
al. (2014) (8441 taxa for up to 4 genes: 18S, 28S rRNA, 16S, and COI), Phytophaga was
rendered paraphyletic by a subset of Cucujoidea s. str. (Kateretidae Kirby plus a subset of
Nitidulidae, and Passandridae Erichson). In the molecular study of McKenna et al. (2015),
Phytophaga was sister to Cucujoidea s. str., and Chrysomeloidea and Curculionoidea were sister
groups, consistent with the molecular study of Robertson et al. (2015; 18S, 28S, histone subunit
3, 12S rRNA, 16S, COI, and COII2; 384 taxa), which sampled all supra-familial groups of
Cucujiformia, including multiple exemplars from Chrysomeloidea and Curculionoidea.
McKenna et al. (2015) recovered 2 major clades within a monophyletic Chrysomeloidea: (i)
Chrysomelidae, and (ii) a clade containing Cerambycidae, Disteniidae, Vesperidae, Oxypeltidae,
Megalopodidae, and Orsodacnidae. In the morphological study of Lawrence et al. (2011),
Phytophaga and its constituent superfamilies were monophyletic, with Phytophaga sister to a
clade containing Passandridae + Bothrideridae Erichson (both Cucujoidea s. str.).
Relationships within Chrysomeloidea

The family and subfamily-level relationships within Chrysomeloidea remain
incompletely resolved, and generally lack convincing statistical support in phylogenetic studies

2

Arginine kinase was also studied, but ultimately was excluded from their analysis on account of apparent
paralogues.
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to date. Thus, relatively little can be said with confidence about the internal phylogeny of the
superfamily, particularly below the family level. Nonetheless, results from phylogenetic analyses
of molecular and morphological data are converging on general patterns of relationship
(discussed below) – even if these relationships typically lack strong or consistent nodal support
in studies to date. Reid (2014a) recently provided a short review of the early classification and
modern treatment of the families of Chrysomeloidea, with an emphasis on seven out of the
twelve subfamilies of Chrysomelidae. In this section, we review the same literature (including
relevant literature published since Reid 2014a), and extend this focus to include all other families
of Chrysomeloidea. It should be noted that Chrysomeloidea was not the focus of all studies
mentioned in this section, but we nonetheless discuss results from these studies that are relevant
to the phylogeny of Chrysomeloidea. Table 2.1 in appendix 1 provides a summary of the
taxonomic focus of these studies.
Family-Level Relationships
There is a substantial body of literature on the classification of Chrysomeloidea
[summarized by Reid (2014); e.g., Crowson (1955, 1981), Böving & Craighead (1931), Monrós
(1960), Kasap & Crowson (1976, 1979, 1980, 1985), Mann & Crowson (1981, 1983a-d, 1984)],
that precedes the literature reviewed herein. Since this review mainly focuses on the last 20 years
of phylogenetic systematic research on Chrysomeloidea, we begin our review with Kuschel &
May (1990) who examined the male and female genitalia of exemplars from each of the families
of Chrysomeloidea. Based on their studies, they separated the families Megalopodidae and
Orsodacnidae [though Crowson (1981) considered Megalopodidae a family containing
Zeugophorinae] from Chrysomelidae. Further, they assigned Bruchidae to Chrysomelidae as the
subfamily Bruchinae Latreille [Crowson (1981) considered Bruchidae to include Criocerinae,
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Donaciinae, and Sagrinae]. Their findings and associated classification were reinforced by
Schmitt (1994), who evaluated the phylogenetic position of Megalopodinae Latreille and
Zeugophorinae Böving and Craighead (Megalopodidae) within Chrysomeloidea using
morphological features of the stridulatory organ. Schmitt (1994) proposed that the mesonotal
stridulatory organs of Megalopodinae and Zeugophorinae are homologous with those of
Cerambycidae, and that Megalopodidae are more closely related to Cerambycidae (or a subset
thereof) than to Chrysomelidae.
Napp (1994) and Reid (1995, 2000) carried out extensive comparative studies of adult
and larval morphological characters of Chrysomeloidea. Napp (1994) was focused on
Cerambycidae (discussed below), while Reid (1995, 2000) was focused primarily on
Chrysomelidae. Reid (1995) carried out a cladistic analysis of Chrysomelidae based on 71 adult
and larval morphological characters (See Table 2.1 in appendix 1 for taxon sample). He
recovered four major groupings of taxa within Chrysomeloidea: (i) families of the “cerambycid
lineage”, (ii) Chrysomelidae (with 10 subfamilies recognized, but with representatives sampled
for all 12 subfamilies recognized today), (iii) Orsodacnidae (containing Orsodacninae Thomson
and Aulacoscelidinae Chapuis), and (iv) Megalopodidae (containing Palophaginae Kuschel and
May, Zeugophorinae, and Megalopodinae). Reid (1995) used the term “cerambycid lineage”
(equivalent to his Cerambycidae s. l.) to refer to the combined Anoplodermatidae (then a family,
now usually treated as a subfamily of Vesperidae), Cerambycidae, Disteniidae, Oxypeltidae, and
Vesperidae, and the term “chrysomelid lineage” to refer to the combined Chrysomelidae,
Megalopodidae, and Orsodacnidae. He recovered Megalopodidae and Orsodacnidae outside of
Chrysomelidae, consistent with interpretations of morphology by Kuschel & May (1990), and
Schmitt (1994). But he argued against placing the latter 2 families within the ‘cerambycid
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lineage’, which was what Suzuki (1988, 1994) suggested. Reid (1995) also argued for a
monophyletic Orsodacnidae and a monophyletic Megalopodidae, specifically (Palophaginae +
(Megalopodinae + Zeugophorinae)), based on morphological evidence. Reid (2000) used a
revised/updated version of the morphological character data set from his earlier paper (Reid,
1995), which included data from the newly described larva of Palophaginae (Palophagus bunyae
Kuschel), Megascelidini (Megascelis Latreille; considered a tribe within Eumolpinae C.G.
Thomson, by Jolivet et al., 2014b), Orsodacnidae (Aulacoscelis Duponchel & Chevrolat), and
Spilopyrinae Chapuis (Hornius Fairmaire and Stenomela Erichson). Reid (2000) also differed
from Reid (1995) in excluding Vesperidae, Disteniidae, Cerambycidae, and Curculionoidea from
the taxon sample. Neither of these two papers included Oxypeltidae. Reid (1995, 2000)
recovered Megascelidini (Megascelis) within Eumolpinae, and elevated the former Spilopyrini
(then considered a tribe of Eumolpinae) to subfamily status (as Spilopyrinae). He also provided
evidence from his morphological analyses for a sister group relationship between the subfamilies
Lamprosomatinae Lacordaire and Cryptocephalinae Gyllenhal. Chrysomelinae Latreille and
Galerucinae Latreille were recovered as sister taxa in his preferred tree (his Fig. 13; Reid, 2000).
Though he maintained that the position of Synetini [Syneta Chevrolat; considered by Lawrence
& Ślipiński (2014) to be the subfamily Synetinae LeConte & Horn] is not entirely clear, his
comparative studies of larval and adult morphology, in addition to some of his phylogenetic
analyses, support placement of Synetini within Eumolpinae. Bruchinae, Donaciinae Kirby,
Criocerinae Latreille, Sagrinae Leach, and the former Hispinae [the only groups within
Coleoptera to have bifid tarsal setae, see Stork (1980) and Mann & Crowson (1981)] did not
form a clade in the preferred cladogram of Reid (2000). Reid (1995, 2000) recovered Bruchinae
sister to Sagrinae. Together, these taxa were sister to the remaining Chrysomelidae. Donaciinae
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was sister to a clade comprised of the former Hispinae and Criocerinae (the latter two were sister
groups), in addition to Chrysomelinae, Galerucinae, Spilopyrinae, Lamprosomatinae,
Cryptocephalinae, Synetini, Eumolpinae, and Megascelidini. In the preferred cladogram of Reid
(2000) (his Fig. 13), only 2/18 nodes had Bremer support > 2.
Farrell (1998) conducted the first large scale molecular study focused on Phytophaga
[See Reid (2000) for critique], using 18S nuclear ribosomal DNA sequences from 115
exemplars, in addition to 212 morphological characters compiled from Kuschel (1995) and Reid
(1995) (See Table 2.1 in appendix 1 for taxon sample). Nodal support was generally low. In his
reported combined analysis of Chrysomeloidea (his fig. 2B), only 6 nodes had parsimony
bootstrap support (PBS) ≥ 95%. Similar to Reid (1995, 2000) and Kuschel & May (1990), the
families Orsodacnidae and Megalopodidae were recovered separate from a monophyletic
Chrysomelidae (the latter including Bruchinae, which was then still of unsettled family-level
placement). Chrysomelidae was recovered in 2 clades: (i) Bruchinae, Criocerinae, Donaciinae,
and Cassidinae s. l., and (ii) Chrysomelinae, Galerucinae s. l., Cryptocephalinae, and Eumolpinae
(then considered to include Megascelis and Syneta). Chrysomelinae and Galerucinae s. l. were
sister groups. Bruchinae, Donaciinae, and Criocerinae (all with bifid tarsal setae) formed a clade,
which was sister to Cassidinae s. l. (the latter including the former Hispinae and also having bifid
tarsal setae; Sagrinae was not sampled). Megascelis (former Megascelidinae) was sister to
Eumolpinae (represented here by Chrysochus Chevrolat, Eumolpus Weber, and Colaspis
Fabricius). Syneta (Synetinae) was recovered sister to the clade containing Cryptocephalinae,
Eumolpinae, and the former Megascelidinae. Cerambycidae s. str. was monophyletic and
recovered in 2 clades: (i) Prioninae Latreille (Prionus Geofroy) and Parandrinae Blanchard
(Parandra Latreille) as sister groups, and (ii) Cerambycinae Latreille, Lamiinae, Lepturinae
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Latreille (Acmaeops LeConte and Gaurotes LeConte), and Spondylidinae Audinet-Serville
(Asemum Eschscholtz and Spondylis Fabricius). Lamiinae was sister to Cerambycinae (similar to
Napp 1994) with Lepturinae sister to this clade. Spondylidinae was sister to the clade containing
Cerambycinae, Lamiinae, and Lepturinae.
Farrell & Sequeira (2004) added 11 new sequences to the 18S DNA sequence matrix of
Farrell (1998), thereby expanding the taxon sample to include four representatives of Sagrinae,
one for Spilopyrinae, and one for Lamprosomatinae [these subfamilies were not sampled in
Farrell (1998)], and more Curculionoidea [7 additional genera from the families Nemonychidae,
Anthribidae (not sampled in Farrell, 1998), and Belidae]. They also included morphological
character data for Chrysomelidae from Reid (1995, 2000) and for Cerambycidae from Svacha et
al. (1997; discussed below) which they used in separate (morphology only and molecular only)
and combined analyses. In their combined phylogenetic analysis of 18S molecular data plus the
aforementioned morphological data (their Fig. 3b), 12 nodes had PBS ≥95%. In the resulting
phylogeny, a monophyletic Chrysomelidae was recovered in 2 clades: (i) Sagrinae (represented
by Sagra Fabricius, and Polyoptilis Germar) and Bruchinae as sister groups, and (ii) Criocerinae,
Donaciinae, Chrysomelinae, Cryptocephalinae, Eumolpinae [then considered to include Syneta
and Megascelis similar to Farrell (1998), and Reid (1995, 2000)], Galerucinae s. l. (including
Galerucinae s. str. and Alticinae, the latter then typically treated as a subfamily), Cassidinae s. l.
(their Hispinae), Lamprosomatinae (Lamprosoma Kirby), and Spilopyrinae (Spilopyra Baly).
Cassidinae s. l. was recovered sister to a clade containing Chrysomelinae, Cryptocephalinae,
Eumolpinae, Galerucinae s. l., Lamprosomatinae, and Spilopyrinae. Lamprosomatinae and
Cryptocephalinae were sister groups, with Eumolpinae sister to them. Spilopyrinae was
recovered sister to the clade containing Cryptocephalinae, Eumolpinae, and Lamprosomatinae.
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Specifically, Synetinae (represented here by 2 unknown species of Syneta) was sister to
Megascelidini (Megascelis) + Eumolpinae (represented by Eumolpus, Colaspis, and
Chrysochus). Chrysomelinae was recovered sister to Galerucinae s. l. Cerambycidae s. str. was
monophyletic and recovered in 2 clades: (i) Parandrinae (Parandra) and Prioninae (Prionus and
Derobrachus Audinet-Serville) (ii) Lepturinae (Acmaeops and Gaurotes), Spondylidinae (their
Aseminae, represented by Asemum and Spondylis), a paraphyletic Cerambycinae, and Lamiinae.
Lepturinae and Spondylidinae were sister groups.
Duckett et al. (2004) reconstructed the phylogeny of Chrysomelidae through combined
analyses of 18S ribosomal DNA sequences and morphological data from Reid (1995, 2000), with
the intention of clarifying the relationship between flea beetles (Alticini) and Galerucinae (See
Table 2.1 in appendix 1 for their taxon sample). Within Chrysomeloidea, only 8 nodes in their
preferred phylogeny (their Figs. 3 and 4) had PBS ≥95%. Cerambycidae, Megalopodidae,
Orsodacnidae, and Chrysomelidae formed a clade, similar to previous studies [e.g., Reid (1995),
and Farrell (1998)]. Megalopodidae (Mastostethus Lacordaire and Zeugophora Kunze) and
Orsodacnidae (Aulacoscelis and Orsodacne Latreille) were recovered outside of a monophyletic
Chrysomelidae, consistent with previous studies [Kuschel & May (1990), Reid (1995, 2000),
Farrell (1998), and Farrell & Sequeira (2004)]. Duckett et al. (2004) recovered a paraphyletic
Alticini [since Megistops Boheman (Alticini) was recovered within the traditional Galerucinae],
within a monophyletic Galerucinae s. l.3 They recovered a sister group relationship between
Galerucinae s. l. and Chrysomelinae in their differentially weighted analysis [similar to Farrell
(1998), and Farrell & Sequeira (2004)]. Further, they recovered Megascelidini (Megascelis)

3

Galerucinae s. l. is used here to differentiate the current concept (s. l.) from the former concept (s. str.) under
which a separate subfamily Alticinae was recognized by many authors.
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within Eumolpinae (specifically within Eumolpini), similar to Reid (1995, 2000), Farrell (1998),
and Farrell & Sequeira (2004). Syneta (former Synetini) was recovered outside of Eumolpinae,
in a clade including Cryptocephalinae and Lamprosomatinae (Oomorphoides Baly, and
Lamprosoma). Unlike Farrell (1998), but similar to Reid (1995, 2000), the subfamilies with bifid
tarsal setae did not form a clade. Cassidinae s. l. was sister to the clade Chrysomelinae +
Galerucinae s. l. (these subfamilies were sister groups), and was not recovered in the clade
containing Bruchinae, Donaciinae (Donacia Fabricius, and Plateumaris Thomson), and
Criocerinae; Sagrinae was not sampled. Specifically, Donaciinae was recovered sister to
Criocerinae, with Bruchinae as their sister group. Duckett et al. (2004) hypothesized that bifid
tarsal setae evolved twice – once in Cassidinae s. l. and once in Bruchinae + Donaciinae +
Criocerinae – as an adaptation to monocot feeding, specifically providing the beetles with a
better grip on the relatively smooth surfaces of monocot foliage. Within Cerambycidae s. str.,
Spondylidinae (Asemum) was recovered sister to Lepturinae (Acmaeops and Gaurotes), with
Lamiinae as their sister group. Cerambycinae was sister to the clade containing Lamiinae,
Lepturinae, and Spondylidinae. Parandrinae (Parandra) was recovered sister to all other
Cerambycidae sampled.
Gómez-Zurita et al. (2007, 2008) obtained partial DNA sequences from 16S rRNA, 18S
rRNA, and 28S rRNA for up to 167 taxa (See Table 2.1 in appendix 1 for taxon sample). GómezZurita et al. (2008) further included 56 morphological characters from Reid (2000) in some of
their analyses. In the most parsimonious tree (fig. 1 of Gómez-Zurita et al., 2007), 28 nodes had
≥95% maximum likelihood (ML) bootstrap support (MLBS). In the ML tree (fig. 3 of GómezZurita et al., 2008), 30 nodes had ≥95% MLBS. Both studies recovered a monophyletic
Chrysomelidae, consisting of 2 clades: (i) Bruchinae, Donaciinae, and Criocerinae; and (ii)
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Eumolpinae, Spilopyrinae, Cryptocephalinae, Cassidinae Gyllenhal, Galerucinae s. l., and
Chrysomelinae. Both studies also recovered sister group relationships between Cassidinae s. l.
and Cryptocephalinae, between Galerucinae s. l. and Chrysomelinae, between Chrysomelidae
and Orsodacnidae (Aulacoscelis, and Orsodacne), and between Galerucinae s. str. and Alticinae
[in most modern treatments of the group, Alticini is treated as a tribe within Galerucinae s. l. (see
Nadein & Bezděk, 2014), although recently, Ge et al. (2011) recovered the traditional alticines as
polyphyletic]. It should be noted that although no molecular data was available for Sagrinae and
Lamprosomatinae, Gómez-Zurita et al. (2008) carried out a combined parsimony analysis
including morphological data for these taxa and recovered Sagrinae sister to Bruchinae, and
Lamprosomatinae sister to Cryptocephalinae. In both studies, Cassidinae s. l. was recovered
within a “eumolpine” clade containing Eumolpinae (which was rendered paraphyletic by
Cassidinae s. l. + Cryptocephalinae s. l.), Spilopyrinae, and Cryptocephalinae s. l. The recovery
of Cassidinae s. l. separate from other clades with significant numbers of monocot feeders
(Bruchinae, Donaciinae, and Criocerinae, which were grouped together in a separate clade) led
the authors to propose multiple origins of monocot colonization/feeding in Chrysomelidae.
Megascelidini (Megascelis sp.) was recovered within Eumolpinae in both studies, similar to Reid
(1995, 2000), Farrell (1998), Duckett et al. (2004), and Farrell & Sequeira (2004). Gómez-Zurita
et al. (2008) recovered the megalopodid subfamily Zeugophorinae (Zeugophora varians Crotch)
within Cerambycidae in most analyses. Their Cryptocephalinae s. l. (Chlamisini +
Cryptocephalini + Clytrini) was monophyletic but with internal relationships unresolved;
hispines and cassidines formed a clade, with Cassidinae s. str. rendering Hispinae s. str.
paraphyletic, confirming that these groups are best treated as a single subfamily Cassidinae
[following Chen (1940) and Staines (2002); see Borowiec & Świętojańska (2014) for a summary
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of traditional and current classifications of the group]; and Galerucinae and Alticinae were
reciprocally monophyletic [similar to Farrell (1998), Farrell & Sequeira (2004), and GómezZurita et al. (2007)] and embedded in Chrysomelinae, rendering this subfamily paraphyletic.
Chrysomelinae consisted of 3 clades: (i) Tribe Timarchini, which they suggested should be
treated as a subfamily [suggested previously by Jolivet & Verma (2002) and previously tested
and rejected by Reid (1995, 2000)], (ii) subtribes Chrysomelina and Phyllodectina, and (iii) other
Chrysomelini (subtribes Chrysolina, Doryphorina, Gonioctenina, Paropsina, etc.). The
phylogenetic placement of Syneta (their lone representative of Synetinae) was unresolved.
Similarly, they favored the subfamilial status of Spilopyrinae (similar to Reid, 2000), which was
recovered in their analyses at the base of their “eumolpine clade”, or within it. Gómez-Zurita et
al. (2008) noted that previous studies which combined the 18S rRNA gene with morphological
data in analyses, with the latter upweighted relative to the former, allowed convergence in
morphological characters (such as bifid tarsal setae in monocot-feeding lineages) to go
undetected and “greatly influenced the combined analysis topology”.
Hunt et al. (2007) utilized a multigene approach to reconstruct the higher-level
phylogeny of Coleoptera. They used DNA sequences from 18S rRNA and the mitochondrial
genes cytochrome oxidase I (COI) and 16S (for the latter 2 genes, sequences were obtained for
nearly half of taxa). See Table 2.1 in appendix 1 for the taxon sample of Chrysomeloidea used in
their 340-taxon Bayesian analysis (the presented tree was chosen from the 340-taxon Bayesian
analysis based on “maximum congruence” with their majority-rule consensus tree). Nodal
support was generally low within Chrysomeloidea (1 node was recovered with BPP ≥ 0.95).
Specifically, Chrysomeloidea consisted of 2 clades: (i) a monophyletic Chrysomelidae (BPP <
0.5), a non-monophyletic Megalopodidae (Palophaginae and Zeugophorinae), a non-
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monophyletic Orsodacnidae (Aulacoscelidinae and Orsodacninae), Disteniidae (Disteniinae),
Vesperidae (Vesperinae), Lepturinae, Necydalinae Latreille, and Spondylidinae; and (ii)
Cerambycinae, Lamiinae, Parandrinae, and Prioninae. Thus, the resulting phylogeny contained a
polyphyletic Cerambycidae s. l. [classification following Svacha & Lawrence (2014)]. Within
the aforementioned clade (ii), Parandrinae was sister to (Prioninae + (Cerambycinae +
Lamiinae)). Within Chrysomelidae, Bruchinae was sister to Donaciinae + Criocerinae (as sister
taxa), and the latter 3 taxa were sister to the rest of the sampled chrysomelids (Cassidinae,
Chrysomelinae, Cryptocephalinae, Eumolpinae, Galerucinae, Hispinae, Lamprosomatinae, and
Sagrinae). Cassidinae + Hispinae (as sister taxa) were sister to a clade containing Chrysomelinae
+ Galerucinae (as sister taxa), Cryptocephalinae + Eumolpinae (as sister taxa),
Lamprosomatinae, and Sagrinae. Lamprosomatinae was sister to Eumolpinae +
Cryptocephalinae, and Sagrinae was sister to the clade including Chrysomelinae,
Cryptocephalinae, Eumolpinae, Galerucinae, and Lamprosomatinae.
Marvaldi et al. (2009) analyzed combined secondary structural alignments of 18S and
28S to reconstruct the phylogeny of Phytophaga (See Table 2.1 in appendix 1 for taxon sample).
In their Bayesian analysis (their fig. 4), 62 nodes had strong BPP support (≥ 0.95), and in their
parsimony analysis (their fig. 3), 13 nodes had strong bootstrap support (≥ 0.95). Chrysomelidae
(including Bruchinae) was monophyletic, exclusive of the families Megalopodidae and
Orsodacnidae (Orsodacne and Aulacoscelis), consistent with Reid (1995, 2000), Farrell (1998),
Farrell & Sequeira (2004), and Gómez-Zurita et al. (2007, 2008). Megalopodidae formed a clade
within which Palophaginae (Palophagoides Kuschel and Palophagus) was sister to
Megalopodinae (Agathomerus Lacordaire) + Zeugophorinae (represented by 2 species of
Zeugophora), consistent with Kuchel & May (1990) and Reid (1995). Spilopyrinae (Spilopyra
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and Hornius), whose placement (status as a subfamily) and constitution (some genera were
placed in other subfamilies) was controversial in prior studies (see Reid 2000), was recovered
within a clade that also contained Sagrinae (Mecynodera Hope, Sagra, and Diaphanops
Schoenherr), Donaciinae (Donacia and Plateumaris), Synetinae (Syneta), and Criocerinae
(Crioceris Muller). The results of Marvaldi et al. (2009) were consistent with those of Reid
(2000), specifically the suggestion to elevate Spilopyrini to subfamily rank (as Spilopyrinae).
Cassidinae s. l. (represented here by Microrhopala Chevrolat and Notosocantha Chevrolat;
includes the traditional Hispinae) was recovered in a clade also containing Cryptocephalinae, as
in Gómez-Zurita et al. (2007, 2008) and not in a clade containing Criocerinae, Donaciinae,
Sagrinae, and Bruchinae, as in Reid (1995, 2000). Within Cerambycidae, in both the Bayesian
and Parsimony analyses, Lamiinae was recovered in a clade also containing Spondylidinae, and
Parandrinae were recovered in a clade also containing Prionine.
Lawrence et al. (2011) conducted a higher-level morphological phylogenetic study of
Coleoptera covering all major extant lineages (see Table 2.1 in appendix 1 for taxon sample). It
should be noted that this study did not aim to resolve subfamilial relationships. In the resulting
cladogram (based on parsimony analysis, their cladograms 2-5), Chrysomeloidea and most other
nodes in the phylogeny had ≤95% support determined by symmetric resampling. They recovered
a monophyletic Chrysomelidae (including Bruchinae, represented here by Caryobruchus
Bridwell) exclusive of Megalopodidae (Palophagus) and Orsodacnidae (Aulacoscelis), similar to
Reid (1995, 2000), Farrell (1998), Farrell & Sequeira (2004), Gómez-Zurita et al. (2007, 2008),
and Marvaldi et al. (2009). Specifically, Cassidinae (Cephaloleia Chevrolat) was recovered sister
to all remaining Chrysomelidae, which formed 2 clades: (i) Chrysomelinae (Chrysomela
Linnaeus), Criocerinae (Crioceris), Galerucinae (Diabrotica Chevrolat), and (ii) Bruchinae and
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Cryptocephalinae (Neochlamisus Karren). Megalopodidae was sister to a monophyletic
Cerambycidae s. l. + Chrysomelidae. Orsodacnidae was recovered sister to all other
chrysomeloids. A paraphyletic Vesperidae [Vesperus Dejean (Vesperinae) and Sypilus GuérinMéneville (Anoplodermatinae)] was sister to the remaining Cerambycidae s. l., and Disteniidae
(Distenia Le Peletier and Audinet-Serville) and Oxypeltidae (Oxypeltus Blanchard in Gay) were
recovered within Cerambycidae s. l., with Disteniidae (Distenia) sister to Lamiinae (Tetraopes
Dalman in Schoenherr), and Oxypeltidae (Oxypeltus) sister to Prioninae (Prionus).
Prado et al. (2012) provided the first account of a chrysomeloid larva developing in a
cycad seed (an unidentified specimen of Aulacoscelidinae from Mexico) (See Table 2.1 in
appendix 1 for taxon sample). Their Maximum Likelihood and Bayesian analyses of partial DNA
sequences from COI, 18S, and 28S confirmed the placement of Aulacoscelidinae (they sampled
Aulacoscelis and Janbechynea Monrόs) sister to Orsodacninae (Orsodacne), consistent with
Kuschel & May (1990), Reid (1995, 2000), and Gómez-Zurita et al. (2007, 2008). Further,
Orsodacnidae was recovered sister to a monophyletic Chrysomelidae (Cassidinae,
Chrysomelinae, Criocerinae, Donaciinae, Eumolpinae, and Sagrinae), consistent with GómezZurita et al. (2007, 2008) and Reid (1995). Their analyses also recovered Oxypeltidae
(Oxypeltus) sister to Palophaginae (Palophagus; Megalopodidae). In their ML phylogenetic tree,
4 nodes had MLBS values ≥ 95%, whereas in their Bayesian analysis, 11 nodes had BPP ≥ 0.95.
Bocak et al. (2014) published the most extensively taxon-sampled molecular phylogeny
for Coleoptera to date, based on DNA sequences for up to 4 genes (18S, 28S, rrnL and COI)
(8,800 taxa in 152/181 families; See Table 2.1 in appendix 1 for a summary of their taxon
sample in Chrysomeloidea). Similar to Gómez-Zurita et al. (2007, 2008), Chrysomelidae
contained 2 clades: (i) a clade comprised of Donaciinae, Criocerinae, Sagrinae, and Bruchinae,
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with Donaciinae sister to Criocerinae, and Sagrinae sister to Bruchinae; and (ii) a clade
comprised of Galerucinae and Chrysomelinae (as sister groups), in addition to Cassidinae,
Spilopyrinae, Lamprosomatinae, Eumolpinae, and Cryptocephalinae. Chrysomelidae was
recovered sister to Cerambycidae s. l. Relationships within Cerambycidae s. l. could not be
readily ascertained using the information in the paper. We obtained a copy of their
supplementary figure S1 (full-resolution maximum likelihood tree inferred from the BlastAlign
of 5 loci and 8441 taxa) in which taxa were represented in confusing “informal alphanumerical
identifiers” generated by the authors, and nodal support could not be ascertained. The results are
very inconclusive. A “zeugophorid” clade was recovered sister to the rest of the sampled
chrysomeloids. The aforementioned clade included (according to their identifiers) 3
Megalopodinae, 3 Zeugophorinae, 1 Oxypeltidae (Oxypeltus), 1 Melyridae (Collops), and 1
Curculionoidea (which is Cheloderus Gray mislabeled as a curculionoid). An “orsodacnid’ clade
was recovered sister to Cerambycidae + Chrysomelidae. That clade included (according to their
identifiers) 3 Orsodacnidae, 2 Vesperidae, and 2 Aulacoscelinae. The cerambycids were
recovered in 2 clades: (i) a branch including several Cerambycinae, 1 Aseminae, several
Prioninae, several Parandrinae, and 2 Dermestidae sister to a lamiine branch (including 2
cerambycines and a spondylidine) + Disteniidae (as sister groups); (ii) a clade including 1
Lamiinae, several Aseminae, and several Spondylidinae sister to 3 Zeugophorinae + a clade
including several Lepturinae, several Anoplodermatinae, several Necydalinae, and a chrysomelid
(Chrysomela).
McKenna et al. (2015) is the most recent and most comprehensive (at the family-level; it
is not the most densely taxon sampled) higher-level molecular phylogeny for beetles (172/183
extant families) (See Table 2.1 in appendix 1 for taxon sample). It included data from 8 nuclear
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genes: 18S, 28S, carbamoyl-phosphate synthetase (CAD), arginine kinase, alpha-spectrin,
elongation factor 1-α, wingless, and phosphoenolpyruvate carboxykinase (PEPCK). In their
Bayesian phylogenetic analysis of Phytophaga, almost all nodes had a BPP value ≥95%, whereas
in their ML analysis, only 4 nodes had bootstrap support ≥95% for 2 or more of their 3 analyses
(nucleotide data alone with Strepsiptera constrained to outgroup, nucleotide and amino acid data,
and nucleotide data alone). Chrysomelidae consisted of 2 clades: (i) Bruchinae (represented by
Bruchinae Genn. spp.; a chimera of several genera) and Criocerinae (Crioceris); and (ii)
Chrysomelinae (Chrysomela), Galerucinae (Diabrotica), Cassidinae (Cephaloleia), and
Cryptocephalinae (Neochlamisus and Mylassa Stål). The non-chrysomelid clade itself contained
2 clades: (i) Megalopodidae (Palophagoides) sister to Oxypeltidae (Oxypeltus) (similar to
McKenna et al., 2009); and (ii) Cerambycidae s. str. (Tetraopes, Phoracantha Newman,
Parandra, Prionus, Rutpela Nakane and Ohbayashi, and Apatophysis Chevrolat), Vesperidae
(Vesperus and Migdolus Westwood), Disteniidae (Distenia), and Orsodacnidae (Aulacoscelis).
Cerambycidae s. l. was rendered paraphyletic by Orsodacnidae (Aulacoscelis) and
Megalopodidae (Palophagoides). Aulacoscelis was sister to Migdolus (Vesperidae).
Cerambycidae s. str. was unexpectedly rendered paraphyletic by Vesperus (Vesperidae) and
Distenia (Disteniidae) – Vesperus was unexpectedly sister to Apatophysis (Dorcasominae
Lacordaire) and Distenia was unexpectedly sister to Tetraopes (Lamiinae). Vesperidae was
therefore polyphyletic.

Notes on the subfamilies of Chrysomelidae
Traditionally, seed beetles were considered a separate family within Chrysomeloidea
(family Bruchidae) [e.g., Crowson (1955); also see Verma & Saxena (1996), Reid (1996),
Kingsolver (1996), Lingafelter & Pakaluk (1997), Duckett (1997), and Verma (1998)], but the
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group was demoted to subfamily rank due to its sister group relationship to Sagrinae in several
phylogenetic studies [e.g., Reid (1995, 2000), Farrell & Sequeira (2004), Gómez-Zurita et al.
(2008), and Bocak et al. (2014)]. Recently, Kergoat et al. (2008) used a supertree approach
(combining 15 trees from 9 different studies using both molecular and morphological data;
including 20 genera and 196 species) to reconstruct the phylogeny of Bruchinae. Based on this
work, most tribes of Bruchinae were paraphyletic. See Morse (2014) for a review of the
phylogeny and systematics of the subfamily.
The phylogenetic placement of Cassidinae among the other subfamilies of Chrysomelidae
remains unclear [see Reid (1995, 2000), Duckett et al. (2004), Farrell & Sequeira (2004),
Chaboo (2007); see Borowiec & Świętojańska (2014) for a review of cassidine classification].
Chaboo (2007) used morphological data (210 characters, 104 taxa) to test the monophyly of
cassidine tribes and to evaluate their present taxonomic state. Her analysis recovered Cassidinae
sister to Galerucinae s. l. Like Borowiec (1995), she concluded that Cassidinae s. str. and
Hispinae s.str. are paraphyletic, supporting recognition of a single subfamily Cassidinae s. l.
The relationships among Eumolpinae, Spilopyrinae, Synetinae (two genera: Syneta and
Thricolema Crotch), and Megascelidini [two genera: Megascelis and Mariamela Monrós; both
considered to be included within Eumolpinae by Jolivet et al. (2014b)] have been the subject of
ongoing debate. Reid (2000) recovered Spilopyrinae sister to a clade containing
Lamprosomatinae, Cryptocephalinae, and Eumolpinae, and elevated the group to subfamily rank.
Jolivet & Verma (2008) concluded that Spilopyrinae belongs within Eumolpinae, as the tribe
Spilopyrini, based on morphological evidence. See Jolivet et al. (2014a) for a summary of the
classification of Eumolpinae. Syneta was traditionally placed within Eumolpinae as a tribe
[Synetini; see Reid (1995), and Farrell & Sequeira (2004)], and some [e.g., Verma & Jolivet
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(2000), Jolivet & Verma (2008)] have proposed that it should be elevated to subfamily rank (as
Synetinae) and excluded from Eumolpinae. Regardless, the position of Synetinae within
Chrysomelidae remains unclear [for discussion, see Lawrence & Ślipiński (2014) and Reid
(2014a)]. The placement of Megascelis within Chrysomelidae has been historically disputed.
Reid (1995) placed the genus as Eumolpinae: Megascelidini. Gómez-Zurita et al. (2005) used
DNA sequence data from 18S, 28S, and 16S, in addition to morphological data to reconstruct the
phylogeny of Eumolpinae (both separate and combined molecular and morphological analyses).
They recovered a monophyletic Spilopyrinae within Chrysomelidae, separate from and sister to
Eumolpinae. Their analyses also supported the exclusion of Syneta and Eupales Lefèvre from
Eumolpinae, and rejected the monophyly of Synetini sensu Reid (2000) (includes Syneta and
Eupales). Furthermore, they recovered Megascelis within Eumolpinae, similar to Reid (1995). It
is now well established that Megascelis is classified within Eumolpinae [see Reid (2014a) and
Jolivet et al. (2014b)].
A sister group relationship between Cryptocephalinae and Lamprosomatinae is reported
by most recent authors [Reid (1995, 2000), Farrell (1998), Gómez-Zurita et al. (2008)]. Duckett
et al. (2004) recovered a monophyletic Lamprosomatinae (though only 2 genera were sampled:
Oomorphoides Monros and Lamprosoma). Chamorro & Konstantinov (2011) is the most recent
morphological study to focus on Lamprosomatinae. They studied relationships among the 4
lamprosomatine tribes, and most notably confirmed the placement of Sphaerocharitini within
Lamprosomatinae (similar to Monrós, 1956). Sphaerocharitini has been treated as its own
subfamily by some authors (e.g., Kasap & Crowson, 1976). Cryptocephalinae is widely
recovered as monophyletic [e.g., in Reid (1995, 2000), Farrell (1998), Duckett et al. (2004), and
Gómez-Zurita et al. (2007, 2008)], and the work by Reid (1995) resulted in the inclusion of
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Fulcidacini and Clytrini (former subfamilies) as tribes within Cryptocephalinae. See Chamorro
(2014a, 2014b) for a review of the classification of both subfamilies.
Some studies have recovered a sister group relationship between Criocerinae and
Donaciinae [e.g., Duckett et al. (2004), Hunt et al. (2007), and Bocak et al. (2014)]. Recently,
Matsumura et al. (2014) reconstructed a molecular phylogeny of Criocerinae using DNA
sequence data from COI, 12S, and nuclear histone 3, for 42 ingroup taxa (representing 38
species). Their outgroups included 6 Chrysomelidae [2 Donaciinae (2 species of Plateumaris), 1
Sagrinae (Sagra), 1 Cryptocephalinae (Chlamisus Rafinesque), 1 Synetinae (Syneta), and 1
Chrysomelinae (Plagosterma Linnaeus)] and 1 Cerambycidae (Lemula Bates, from Lepturinae).
Though the study did not include many representatives outside of Criocerinae (the main focus of
the paper was internal relationships), the subfamily was monophyletic in their analyses. Vencl &
Leschen (2014) similarly considered the subfamily to be monophyletic based on several
morphological characters, and noted that it is most likely a basal chrysomelid group placed close
to Bruchinae, Sagrinae, Cassidinae s. l., and/or Donaciinae.
A sister group relationship between Chrysomelinae and Galerucinae has been recovered
in several studies [e.g., Reid (1995, 2000), Farrell (1998), Farrell & Sequeira (2004), Duckett et
al. (2004), Hunt et al. (2007), Bocak et al. (2014), McKenna et al. (2015); See Reid (2014b) for
a revision of the subfamily’s classification]. Chrysomelinae was monophyletic, but represented
by only 2 exemplars in Farrell (1998), and was monophyletic in Duckett et al. (2004) (6
exemplars) and Farrell & Sequeira (2004) (3 exemplars). Chrysomelinae was paraphyletic in
Gómez-Zurita et al. (2007, 2008), where it was recovered in a clade that also included
Galerucinae s. l. (including a reciprocally monophyletic Galerucinae and Alticinae). GómezZurita et al. (2008) sampled 30 exemplars of Chrysomelinae. In a recent study, Chaboo et al.
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(2014) reconstructed the phylogeny of Chrysomelinae using partial sequences for cox1 and rrnL
for 55 chrysomeline genera (out of 150 currently known genera), in order to determine the
number of times that subsociality has evolved in this subfamily.
Traditionally, Galerucinae s. str. and Alticinae were considered separate subfamilies;
however, more recent workers have favored treating Alticini as a tribe within Galerucinae s. l.
[e.g., Duckett et al. (2004), Nadein & Bezděk (2014)]. Note that in the latter treatment, the
alticines are polyphyletic [Ge et al. (2011, 2012); also see discussion in Reid (2014a)].
Galerucinae s. str. and Alticinae were reciprocally monophyletic in Farrell (1998), Farrell &
Sequeira (2004) and Gómez-Zurita et al. (2008). Kim et al. (2003) recovered a monophyletic
Galerucinae s. str. and a paraphyletic Alticinae. Their results thus supported neither the tribal
rank of Alticini within Galerucinae nor the subfamilial ranking of Alticinae. The studies by Ge et
al. (2011) and Ge et al. (2012) included problematic taxa with unresolved placements that prior
studies [such as Farrell (1998) and Gómez-Zurita et al. (2008)] did not include [listed in Table
S1 of Ge et al. (2012)]. The taxon sample included 165 species of Galerucinae s. l. (81 genera of
Alticinae and 53 genera of Galerucinae) and 24 outgroups (included chrysomeline taxa). Both
studies used molecular and morphological data and considered Alticinae as an independent
subfamily separate from Galerucinae (what we refer to in this chapter as the traditional
Alticinae). They recovered a monophyletic Galerucinae s. l. with both Alticinae s. str. and
Galerucinae s. str. recovered non-monophyletic. Specifically, Alticinae was rendered
polyphyletic, with several of its lineages recovered in Galerucinae s. str., which lead the authors
to propose the transfer of those taxa to Galerucinae s. str. resulting in a revision of the
classification of Galerucinae s. str.
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Kölsch & Pedersen (2008) recently reconstructed a molecular phylogeny of Donaciinae
using DNA sequence data from COI and EF-1α, with a taxon sample representing nearly 1/3 of
the species in the subfamily. The genera included in the taxon sample were Donacia, Donaciasta
Fairmare, Macroplea Samouelle, Neohaemonia Székessy, and Plateumaris. They discussed the
evolution of the subfamily and evaluated the effects of ecology and geography on diversification
within the group. Their results supported the monophyly of the subfamily and demonstrated the
roles of ecological specialization and geographical isolation in promoting speciation at different
points in its evolutionary history. Leschen & Konstantinov (2014) recently reviewed the
classification of the subfamily, and detailed the morphological characters supporting its
monophyly.
A sister relationship between Sagrinae and Bruchinae has been recovered in several
studies using both molecular and morphological data [e.g., Reid (1995, 2000), Farrell & Sequeira
(2004), Gómez-Zurita et al. (2008), and Bocak et al. (2014); see Lawrence & Reid (2014) for a
review]. In morphological and molecular phylogenetic studies, Sagrinae is often recovered
within a clade containing the other subfamilies of Chrysomelidae with bifid tarsal setae, except
Cassidinae: Criocerinae, Donaciinae, and Bruchinae [see Farrell (1998), Duckett et al. (2004),
Gómez-Zurita et al. (2008)]. There have been no published molecular phylogenetic studies of
internal relationships in Sagrinae.

Notes on Cerambycidae s. l.
Linsley (1961) divided Cerambycidae into 8 subfamilies: Lamiinae, Cerambycinae,
Disteniinae, Parandrinae, Lepturinae, Spondylidinae, Prioninae, and Aseminae. Subsequent
comparative morphological studies of larvae by Svacha & Danilevsky (1987) had major
implications for cerambycid classification. They revised the classification, resulting in the
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recognition of 8 subfamilies (Cerambycinae, Lamiinae, Parandrinae, Prioninae, Apatophyseinae,
Aseminae, Necydalinae, and Lepturinae), as well as the separation of the families Disteniidae,
Vesperidae, Oxypeltidae, and Anoplodermatidae (later made a subfamily of Vesperidae); all of
the last four taxa were given at least a subfamily rank by some earlier authors. They also noted
uncertainty about the relationships among the subfamilies Lamiinae, Lepturinae, Necydalinae,
and Aseminae.
Napp (1994) recognized 9 subfamilies of Cerambycidae: Anoplodermatinae, Aseminae,
Cerambycinae, Lamiinae, Lepturinae, Parandrinae, Philinae, Prioninae, and Spondylidinae. She
carried out comprehensive cladistic analyses using 66 adult characters and 62 larval characters
for representatives of each of the 11 subfamilies recognized at the time (including the 9
previously mentioned, plus Disteniidae and Oxypeltidae which were then considered
subfamilies; see Table 2.1 in appendix 1 for a summary of their taxon sample). Cerambycinae
was the most deeply taxon-sampled subfamily in her study (84 taxa). The subfamilies Lamiinae
(Adesmus Dejean and Estola Fairmaire and Germain), and Lepturinae (Desmocerus Dejean,
Encyclops Newman, Leptura Linnaeus, and Necydalis Linnaeus, the latter of which is considered
to belong to its own subfamily Necydalinae in the present classification) were recovered as
monophyla, with Lamiinae and Cerambycinae as reciprocally monophyletic sister groups
(though the author mentions that the adult and larval characters that support the latter
relationship may be the result of parallelism). Napp (1994) supported the exclusion of Oxypeltus
(Oxypeltidae) and Distenia (Disteniidae) from Cerambycidae [similar to Svacha and Danilevsky
(1987), and Crowson (1981)], and mentioned that their exact placement in the phylogeny of
Chrysomeloidea was unclear. Napp (1994) and Linsley (1961) proposed that Lamiinae and
Cerambycinae were the most “advanced” subfamilies within Cerambycidae.
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Following discovery of the larva of Philus antennatus Gyllenhal, Svacha et al. (1997)
used larval and adult characters to revise the family-level classification of Cerambycidae (then
including 8 subfamilies), Vesperidae (now including Anoplodermatinae, which Napp [1994] had
placed in Cerambycidae), Oxypeltidae, and Disteniidae. They proposed placing Philinae (a group
that has always been of problematic position) as a subfamily within Vesperidae, which the
authors considered to contain 3 subfamilies: Vesperinae, Philinae and Anoplodermatinae, and the
tribe Vesperoctenini, whose placement among the subfamilies remains uncertain. Others [see
Bousquet et al. (2009) and Bouchard et al. (2011)] treated the aforementioned 3 subfamilies of
Vesperidae separately within the framework of the family Cerambycidae, and for unspecified
reasons, placed Vesperoctenini as a tribe within Prioninae. Svacha et al. (1997) also suggested
possible sister group relationships between Oxypeltidae and Vesperidae, and between
Cerambycidae and Disteniidae, respectively. For priority reasons, the subfamily Apatophyseinae
(originally raised by Danilevsky, 1979) was formally renamed Dorcasominae by Özdikmen
(2008).
Svacha & Lawrence (2014) covers the distribution, biology, and morphology of the
families and subfamilies of Cerambycidae s. l., and includes the most recent revision of the
taxonomy and phylogeny of these groups, based mainly on morphological studies (previously
published, but also including some of their own unpublished data, and personal
communications). The authors conclude that the monophyly of Cerambycidae s. str. is well
substantiated by morphological evidence, but that the relationships among Cerambycidae s. str.,
Disteniidae, Oxypeltidae, and Vesperidae remain uncertain. Specifically, they note that the
traditional ‘cerambycoid assemblage’ (Cerambycidae s. str., Disteniidae, Vesperidae, and
Oxypeltidae) and ‘chrysomelid assemblage’ (Chrysomelidae, Megalopodidae, and
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Orsodacnidae) are likely not monophyletic considering that Oxypeltidae has more features in
common with some megalopodids than with other members of the ‘cerambycoid assemblage’.
Crowson (1960) has also mentioned that larvae of Megalopodidae are ‘more cerambycid-like
than any others in Chrysomelidae’. Furthermore, Crowson (1955) stated that both megalopodids
and orsodacnids appear to be more similar to cerambycids than to chrysomelids. Svacha and
Lawrence (2014) also note the following: The subfamily Necydalinae is sometimes considered a
tribe belonging to Lepturinae (e.g., as in Monné, 2006); Lamiinae is undoubtedly monophyletic
(a conclusion shared by other authors, e.g., Napp, 1994); Parandrinae is closely related to
Prioninae, and perhaps even a prionine ingroup [e.g., Crowson (1955), Svacha & Danilevsky
(1987)], rendering Prioninae paraphyletic. Svacha & Lawrence (2014) also stated that
Oxypeltidae is undoubtedly monophyletic based on morphological evidence, but its position
within Chrysomeloidea remains uncertain. Duffy (1960) described the larvae of Oxypeltidae and
elevated the group to subfamily status (as Oxypeltinae). It was later elevated to family rank as a
result of the morphological studies of Svacha & Danilevsky (1987), and Svacha et al. (1997).
Oxypeltus (Oxypeltidae) was recovered sister to Palophagoides (Megalopodidae) in McKenna et
al. (2015) with strong nodal support, a relationship that was also recovered by McKenna et al.
(2009). Svacha & Lawrence (2014) mentioned that this relationship is supported by some larval
characters. Also in McKenna et al. (2015), Orsodacnidae was sister to Vesperidae, further
rendering Cerambycidae s. l. paraphyletic.
Published phylogenies of Cerambycidae s. str. [e.g., Linsley (1961), Crowson (1981),
Napp (1994)] are largely based on morphological characters, lack extensive well-supported
resolution, and some are not based on phylogenetic analyses. Furthermore, the interrelationships
of the families and subfamilies of Cerambycidae s. l. in recent higher level molecular
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phylogenetic studies of beetles are not well resolved, sometimes differing substantially between
studies, and differing from phylogenies based on studies of morphological characters. This is
also the case for the results of lower-level studies of Chrysomeloidea that include exemplars
from Cerambycidae. For example, the taxon sample in Gómez-Zurita et al. (2007) included
exemplars from all subfamilies of Cerambycidae s. str. except Dorcasominae. However, several
families and subfamilies were represented by only one exemplar, and thus their monophyly was
not tested; e.g., Spondylidinae, Megalopodidae, Disteniidae, Oxypeltidae, Vesperidae,
Necydalinae, Parandrinae, Prioninae, and Cerambycinae. In their analyses, Cerambycidae s. str.
and Cerambycidae s. l. together formed a paraphyletic grade, and were further rendered
paraphyletic by the megalopodid Zeugophora varians (Zeugophorinae), which was recovered in
a clade (low nodal support; PBS and MLBS <50%) that also comprised Lepturinae, Lamiinae,
and Spondylidinae. The subfamilies Lamiinae and Lepturinae (each with multiple species
sampled) were monophyletic, and Lamiinae was sister to Spondylidinae, though this relationship
lacked strong nodal support (PBS and MLBS <50%). Disteniidae and Necydalinae were sister
groups in their most parsimonious tree (their Figure 1), but with low nodal support. Parandrinae
and Prioninae were sister groups, together sister to Cerambycinae, but with low nodal support. In
Hunt et al. (2007), relationships within Cerambycidae s. l. were unresolved and all nodes lacked
support (BPP <0.5). The study also lacked exemplars for Oxypeltidae and Dorcasominae. In the
molecular phylogenetic study by Bocak et al. (2014; up to 4 genes), the internal relationships of
Cerambycidae s. str. were unresolved. The authors note that there was overall low taxonomic
coverage, and poor representation of conserved loci in the analysis: of 202 cerambycids included
in the analysis, the 5’ end of cox1 was present for only 57 taxa, the 3’ end of cox1 was present
for 163 taxa, rrnL was present for 85 taxa, 18S was present for 62 taxa, and 28S was present for
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19 taxa. The tribal-level classification of Cerambycidae is also highly problematic, as highlighted
by Svacha & Lawrence (2014) and others (e.g., Ślipiński & Escalona, 2013). The lack of a
comprehensive and well-resolved phylogeny for Cerambycidae therefore remains a major
impediment to producing a stable and biologically meaningful classification for the family, and
for Chrysomeloidea as a whole, and is a further significant impediment to the study of
cerambycid (and thus chrysomeloid) evolution.

Early evolution of Chrysomeloidea
Phytophagous insects have played a major role in shaping Earth’s terrestrial biodiversity
through their varied and often specialized interactions with plants. Ever since Ehrlich & Raven
(1964) formalized their theory of plant/insect coevolution [they were not the first to consider
such phenomena, e.g., see Fraenkel (1956, 1959) and references therein], phylogenetic and
paleontological studies have sought to reconstruct the evolution of associations between
phytophagous insects and plants. Beetles have figured prominently in these studies [e.g., see
Farrell (1998), Wilf et al. (2000), McKenna et al. (2009), Ahrens et al. (2014) etc.]. The
evolution of specialized trophic associations with angiosperms has been a recurring theme in
most studies. Despite apparent broad interest in this topic (which has a relatively large and welldeveloped literature), many aspects of the evolution of interactions between phytophagous
insects and their hosts remain poorly understood. Here, we briefly discuss some of the major
findings to date concerning the evolution of host associations in Phytophaga, with a particular
focus on Chrysomeloidea. Further, we summarize major findings pertaining to the age of origin
of major lineages within the superfamily.
Over half of all beetles are phytophagous, and the majority of phytophagous beetles feed
on angiospermous plants (Farrell, 1998). As such, a correlation has been made between beetle
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diversification and flowering plant diversification, and the latter has often been considered a
possible causative factor contributing to the former [Farrell (1998); Farrell & Sequeira (2004)],
especially in the case of Phytophaga. However, this should not detract from the significance of
non-flowering plant feeding for beetle evolution and diversification, including the role of
mycophagy and/or gymnospermous pollen feeding (Kuschel & May, 1990) in the transition to
feeding on angiospermous plants [see Crowson (1981) for discussion]. Recently, Condamine et
al. (2016) aimed to reconcile both fossil and molecular evidence in a large scale insect
diversification study, in the hopes of shedding light on patterns of diversification over time and
understanding the roles that certain evolutionary events may have played in shaping those
patterns. They found that major increases in insect diversification cannot be attributed to a single
innovation (e.g., wing development, complete metamorphosis, etc.) or evolutionary event (e.g.,
origin and radiation of angiosperms). Instead, they concluded that insect diversity is the result of
“an ancient origin associated with low extinction that sustained diversification in a variety of
niches as they appeared” (Condamine et al., 2016).
The timing of origin of crown group flowering plants remains controversial [e.g., see Bell
et al. (2010), Silvestro et al. (2015), and discussion on Stevens (2016)]. Nonetheless, Silvestro et
al. (2015) estimate that angiosperms originated between 152 and 133 Ma. Furthermore,
Mesozoic fossil chrysomeloids are scarce (Grimaldi & Engel, 2005) and their placements are
best treated as approximations given the lack of shared derived character data. The earliest
known fossil chrysomeloids include: a chrysomeloid (tentatively placed in Cerambycidae) from
the Lower Cretaceous Yixian formation of China (Yu et al., 2015), a Prioninae from the Early
Cretaceous Yixian Formation of China (Wang et al., 2013a), a possible cerambycid
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[Cerambyomima4 Medvedev; recently synonymized with Protoscelis and placed in Anthribidae
by Legalov (2013)] from the Late Jurassic of Karatau [Grimaldi & Engel, 2005; note that
Kuschel & May (1990) placed it in Aulacoscelidinae], and a bruchid from Late Cretaceous
Canadian amber (Poinar, 2005). The earliest known fossil weevils are nemonychids from the mid
Jurassic of Daohugou, China and from the Upper Jurassic of Karatau, Central Asia (Oberprieler
et al., 2007), and anthribids from the Jurassic of Karatau (Legalov, 2013).
Prior to Gómez-Zurita et al. (2007), the timing of origin of Chrysomelidae was placed in
the mid-Cretaceous (150-175 Mya) based on analyses of molecular data [Farrell (1998) and
Farrell & Sequeira (2004)], and it was hypothesized that the diversification of Phytophaga was
the result of ancient co-diversification with angiosperms (Farrell, 1998). Farrell (1998) proposed
that the switch to feeding on angiosperms resulted in the diversification of the Phytophaga, and
Reid (2000) attributed the diversity of Chrysomelidae to a shift to feeding on Eudicots. Wilf et
al. (2000) used linear feeding patterns from a phytophagous insect  which they identified as
“diagnostic feeding patterns” of larval hispines  on fossil Zingiberales (monocots) from the late
Cretaceous to infer the timing of adaptive radiations of leaf beetles on angiosperms. They
proposed that leaf beetles radiated at the same time as their angiospermous host plants, during
the late Cretaceous.
Farrell (1998) and Anderson (1995) both concluded that the success of certain groups of
beetles is linked to their associations with certain groups of plants, which extended the study by
Mitter et al. (1988) that showed evidence correlating diversification rate to phytophagy in
phytophagous insects. Nonetheless, the mechanism(s) by which angiosperms affected the
proliferation of their associated beetle groups remained unclear (Barraclough et al., 1998). They
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Some workers consider this fossil to belong outside of Cerambycidae, or even outside of Chrysomeloidea.
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also argued that beetle associations with plants are not the sole reason for their remarkable
diversity, and instead this success should be attributed to the ability of beetles to adapt to and
exploit ecological opportunities (Barraclough et al., 1998). Reid (1995) concluded that
Chrysomelidae may have originated with flowering plants and “radiated as leaf-feeders”. Farrell
(1998) noted that the most basal lineages of Phytophaga in his trees [e.g., the curculionoid
subfamily Rhinorhynchinae (Nemonychidae) and the chrysomeloid subfamily Palophaginae
(Megalopodidae)] feed on basal seed plants (gymnosperms; cycads and conifers) [similar to
Kuschel & May (1990) and Reid (1995)], having apparently established these (primary)
associations early in the Mesozoic. Several studies have also shown evidence for more recent
(secondary) colonization of gymnosperms by weevils [e.g., Farrell et al. (2001), Marvaldi et al.
(2002), Oberprieler et al. (2007), and McKenna et al. (2009)]. Other groups within Phytophaga
are exclusively associated with monocot or eudicot hosts, which Farrell (1998) and others have
argued may reflect adaptive radiations in new ecological niches [e.g., Farrell (1998), McKenna et
al. (2009)]. Farrell (1998) also showed that lineages within Chrysomeloidea that are associated
with cycads or conifers were lacking in species number and diversity when compared to lineages
associated with angiosperms [similarly shown in Curculionoidea by Marvaldi et al. (2002) and
Farrell et al. (2001)]. Anderson (1995) noted that certain families of Curculionoidea (e.g.,
Nemonychidae, Belidae, and Brentidae) that include species associated with gymnosperms and
cycads, predate the origin of angiosperms [similar to Kuschel (1983) and McKenna et al.
(2009)]. He further argued that the association of curculionoid groups with angiospermous plants
(e.g., Curculionidae) appears to be a more recently derived state within the lineage (compared to
gymnospermous plant associations). Anderson (1995) also reaffirmed that the success of weevils
in transitioning to feeding on plants was due to their evolution of a rostrum, which was the “key
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adaptation” that facilitated their invasion of new ecological niches [see Zwӧlfer (1975) as cited
in Anderson (1995)]. However, Oberprieler et al. (2007) opined that weevil biodiversity cannot
be attributed to one single evolutionary innovation (the rostrum), despite it being a clear
advantage [as evidenced in their example attributing the difference in diversity of Palophaginae
(3 genera) and Nemonychidae (21 genera) to the latter having the ability to oviposit directly
inside conifer cones using the rostrum]. Instead, they proposed that a number of “key
innovations” (summarized in their Figure 25), culminating in “specialized endophytophagy” and
specialized lifestyles (e.g., mycetophagy), are most likely key to their success. Some studies have
focused on quantifying the rates of evolution of various aspects of host use to determine their
effects on the diversification of Chrysomeloidea. For instance, Farrell & Sequeira (2004)
quantified the differences in rates of evolution of shifts in host taxon versus host tissue use in
Chrysomeloidea, and found that host tissue affiliations are more conserved (similarly shown for
Curculionoidea in Marvaldi et al., 2002). Furthermore, Jurado-Rivera et al. (2009) reported that
host taxon associations were conserved within Chrysomelinae, with rare occurrences of host
shifts between distant plant lineages.
Gómez-Zurita et al. (2007) recovered a much younger estimated age of origin for extant
subfamilies of Chrysomelidae (end of Cretaceous, 73 to 55 Mya), after the middle to late
Cretaceous angiosperm radiation, and proposed that diversification in Chrysomelidae was the
result of “repeated radiation on a pre-existing diverse” (well-established) angiospermous flora.
They also rejected Wilf et al.’s (2000) hypothesis of a single origin of monocot feeding in
Chrysomelidae, and instead proposed a hypothesis of multiple monocot colonization within
chrysomelids. Contrary to Gómez-Zurita et al. (2007), Hunt et al. (2007) estimated that all
chrysomeloid lineages sampled in their study originated prior to 100 Mya [see McKenna &
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Farrell (2009) for timing of origin that was estimated from a “recreated” timetree provided by
Hunt et al. (2007) to the authors], which is compatible with co-diversification with angiosperms.
In addition, they concluded that beetle biodiversity can be “explained neither by exceptional net
diversification rates nor by a predominant role of herbivory and the Cretaceous rise of
angiosperms”, but instead may be “due to high survival of lineages and sustained diversification
in a variety of niches” (Hunt et al., 2007).
McKenna et al. (2009) explored the evolution of host plant associations in weevils, and
(among other things) discussed the role that monocots played in the shift from gymnosperms to
angiosperms. Based on their results, they concluded that the families of weevils were largely
established in association with gymnospermous plants, and the largest weevil family
Curculionidae initially diversified on monocots before shifting to core eudicots in the late
Cretaceous. Monocots were argued to have diversified earlier than eudicots and were noted to
potentially be physically and chemically easier to colonize (McKenna et al., 2009). McKenna et
al. (2009) also proposed that the appearance of angiosperms did not immediately lead to a
massive radiation in Curculionidae, since curculionid groups that were ancestrally associated
with angiosperms only began diversifying once their angiospermous hosts began their rise to
floristic dominance in the mid-Cretaceous (Albian-Cenomanian, 112 to 93.5 Ma), long after the
first appearance of angiosperms [see Franz and Engel (2010) for a critique of Farrell (1998),
Marvaldi et al. (2002), and McKenna et al. (2009)].
Wang et al. (2013a) described one of the earliest fossils of Prioninae (also one of the
oldest Cerambycidae) from the early Cretaceous Yixian Formation of China, and reconstructed
divergence times among the major lineages of Chrysomeloidea using a fossil-calibrated
molecular phylogenetic dataset comprised largely of previously published data from GenBank
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(divergence time analysis using GenBank data from 18S, 28S, and 16S rRNA). Their analyses
included exemplars for Chrysomelidae (10/12 subfamilies; Lamprosomatinae and Sagrinae were
not sampled), Orsodacnidae (2/2 subfamilies), Cerambycidae (7/8 subfamilies; Dorcasominae
not sampled), Disteniidae (1/1 subfamily), Oxypeltidae (1/1 subfamily), and Megalopodidae (1/3
subfamilies; Megalopodinae and Palophaginae were not sampled). Based on these data, they
concluded that most chrysomeloid lineages appeared in the Jurassic and diversified throughout
the Cretaceous, alongside angiosperms [similar to Farrell (1998), Hunt et al. (2007), McKenna &
Farrell (2009)]. This scenario is similar to what McKenna et al. (2009) proposed for
Curculionoidea, which suggests that the sister superfamilies might share similar temporal
patterns of diversification (Wang et al., 2013b). Wang et al. (2013a) also proposed that
chrysomeloids probably first diversified in association with gymnosperms, on the basis of the
timing of origin of Chrysomeloidea. They placed the origin of Chrysomelidae in the mid-Jurassic
(approximately 165 Ma for the crown group and 172 Ma for the stem group) and the origin of
modern (crown) Cerambycidae in the late Triassic (approximately 210 Mya). Thus, they found
the origin of Chrysomelidae to occur slightly after the early Jurassic estimate of Hunt et al.
(2007) and McKenna & Farrell (2009), and significantly before the early Cenozoic estimate of
Gómez-Zurita et al. (2007). Wang et al. (2013a) nonetheless noted that definitive assertions
concerning the evolution of Phytophaga-angiosperm interactions cannot be made since much
remains unknown about higher-level relationships (and divergence times) within Phytophaga,
and McKenna (2014) similarly noted that due to the lack of resolution and support for suprafamilial groups within Coleoptera, it is difficult to evaluate the causes of taxonomic
diversification in these groups.
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McKenna et al. (2015) estimated the timing of diversification of major beetle groups
under Bayesian inference. They proposed that crown group Phytophaga appeared in the Jurassic
(~162 Ma) followed by crown group Chrysomeloidea (~145 Ma) and Curculionoidea (~150 Ma).
This is consistent with McKenna et al. (2009), and close to the timing of origin of unambiguous
angiosperms based on the known fossil record (~130 Ma; e.g., Friis et al., 2010). McKenna et al.
(2015) estimated the timing of origin of crown Chrysomelidae at ~130 Ma. However, nodal
support for relationships within Phytophaga was variable across their analyses, and some
relationships recovered (e.g., within Cerambycidae s. l.) appear unlikely on the basis of other
published and unpublished data (both molecular and morphological).
Thus, while most studies recover the origin of Chrysomeloidea near the JurassicCretaceous boundary, and the origin of Chrysomelidae in the Cretaceous, the results reported to
date are not definitive. Further, careful studies of fossil Chrysomeloidea (and Curculionoidea)
are also much needed. A more thoroughly/confidently resolved molecular phylogeny for
Chrysomeloidea (and Curculionoidea) is therefore necessary to help sort out uncertain
relationships and to facilitate robust reconstruction of timing and patterns of ecological and
taxonomic diversification. Data are particularly lacking for Cerambycidae s. l., for which taxon
sampling and/or resolution are deficient in all molecular phylogenetic studies to date.

Future Directions
Persistent ambiguities within the phylogeny of Chrysomeloidea continue to impede
studies of chrysomeloid evolution. For example, within Chrysomelidae, the phylogenetic
position of Spilopyrinae, Synetinae, and Cassidinae (among others) remains uncertain. The
monophyly of Megalopodidae and the relationships among its subfamilies are also uncertain, as
are relationships among and within the families of Cerambycidae s. l. Within Cerambycidae s.
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str., relationships among the subfamilies remain unresolved, and the monophyly of some
subfamilies (e.g., Cerambycinae, Prioninae and Dorcasominae) remains uncertain. A statistically
robust, well-resolved, and comprehensive higher-level phylogeny of Chrysomeloidea would, for
example, permit more definitive studies of the numbers and kinds of evolutionary transitions in
host usage, and their directionality, whether taxonomic (e.g., monocots versus eudicots, or
gymnosperms versus angiosperms), or ecological (e.g., pollenivory versus phytophagy and
xylophagy, or from leaf mining versus surface feeding), and should help highlight potentially
key evolutionary innovations accompanying different host plant tissue and taxon associations.
Interpretation of the results of the molecular phylogenetic studies discussed in this review is
affected (often substantially) by one or more of the following: insufficient taxon or molecular
data sampling, and low statistical measures of nodal support and/or limited phylogenetic
resolution. There is also a trend of increasing the number of genes used in recent studies in hopes
of improving phylogenetic resolution, an approach that is not always successful, at least when
the number of genes is still small (e.g., Philippe et al., 2011). Another major issue discussed at
length by Franz and Engel (2010) is the inadequacy of small sample sizes in reconstructing
molecular phylogenies of large and diverse taxonomic groups.
Recently, next-generation sequencing and large-scale phylogenomics have been
effectively combined to help reconstruct the phylogeny and evolution of organisms across the
tree of life. This has resulted in a surge of molecular data, and has given rise to the urgent
challenge of adequately analyzing such massive datasets. As others have emphasized, a highly
integrative approach needs to be adopted that maximizes the phylogenetic signal contained in
fossils, morphological characters, and molecular data. Several (but not all) studies discussed
herein that have incorporated morphological characters into their analyses have recycled those
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data from previous studies with little to no reassessment. There is no doubt that morphological
data can aid in the resolution of phylogenies and is necessary in some cases to clarify complex
questions about insect evolution. However, in the case of Chrysomeloidea, there is a need for the
reassessment of old morphological characters and the introduction of new informative characters,
which can be facilitated through the use of modern techniques (see Friedrich et al., 2014 for a
summary). Nevertheless, the future looks promising, both considering our rapidly advancing
abilities to generate and analyze molecular and morphological data, and the recent rise of large
collaborative projects (like the 1000 Curculionidae Phylogeny and Evolution Project). Such
projects seek to wield the phylogenetic power of both morphological and molecular data
(including fossils) to further reveal the phylogeny of beetles, and the factors underlying the
evolution of beetle diversity.
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Appendix 1

Figure 2.1: Representatives of the families and subfamilies of Chrysomeloidea. From left to
right; A: Lamia textor Linnaeus (Cerambycidae: Lamiinae; Image courtesy of Nikola Rahmé),
Necydalis barbarae Rivers (Cerambycidae: Necydalinae; Image courtesy of Alice Abela),
Parandra polita Say (Cerambycidae: Parandrinae; Image courtesy of Ted MacRae), Spondylis
buprestoides Linnaeus (Cerambycidae: Spondylidinae; Image courtesy of Tapio Kujala); B:
Rutpela quadrifasciata Linnaeus (Cerambycidae: Lepturinae; Image courtesy of Nigel Jones),
Prionus coriarius Linnaeus (Cerambycidae: Prioninae; Image courtesy of Nikola Rahmé),
Mastododera nodicollis Klug (Cerambycidae: Dorcasominae; Image courtesy of Jean Brodeur),
Cerambyx cerdo Linnaeus (Cerambycidae: Cerambycinae; Image courtesy of Nigel Jones); C:
Cryptocephalus sp. Geoffroy (Chrysomelidae: Cryptocephalinae; Image courtesy of Nigel
Jones), Bruchus rufimanus Boheman (Chrysomelidae: Bruchinae; Image courtesy of Jonathan
Michaelson), Spilopyra sumptuosa Baly (Chrysomelidae: Spilopyrinae; Image courtesy of Kathy
Rose), Galeruca tanaceti Linnaeus (Chrysomelidae: Galerucinae; Image courtesy of Nigel
Jones), Crioceris duodecimpunctata Linnaeus (Chrysomelidae: Criocerinae; Image courtesy of
Tapio Kujala); D: Cassida circumdata Herbst (Chrysomelidae: Cassidinae; Image courtesy of
Udo Schmidt), Lamprosoma concolor Sturm (Chrysomelidae: Lamprosomatinae; Image courtesy
of Udo Schmidt), Eumolpus ignitus Fabricius (Chrysomelidae: Eumolpinae; Image courtesy of
Udo Schmidt), Chrysomela populi Linné (Chrysomelidae: Chrysomelinae; Image courtesy of
Udo Schmidt), Sagra femorata Drury (Chrysomelidae: Sagrinae; Image courtesy of Udo
Schmidt); E: Syneta pilosa Brown (Chrysomelidae: Synetinae; Image courtesy of Jukka
Jantunen), Orsodacne humeralis Latreille (Orsodacnidae: Orsodacninae; Image courtesy of
Jonathan Michaelson), Noemia sp. Pascoe (Disteniidae: Disteniinae; Image courtesy of Eduard
Jendek); F: Donacia sp. Fabricius (Chrysomelidae: Donaciinae; Image courtesy of André De
Kesel), Vesperus luridus Rossi (Vesperidae: Vesperinae; Image courtesy of Marcello Consolo),
Zeugophora subspinosa Fabricius (Megalopodidae: Zeugophorinae; Image courtesy of Stuart
Cole), Cheloderus childreni Gray (Oxypeltidae: Oxypeltinae; Image courtesy of Mauricio Cid).
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Table 2.1: Taxon sample of the major papers reviewed herein.
The classification used follows the chrysomeloid chapters of the Handbook of Zoology (Leschen & Beutel, 2014).
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Chrysomelidae Cerambycidae s. str.
12 subfamilies:
Bruchinae
Cassidinae
Chrysomelinae
Criocerinae
Cryptocephalinae
Donaciinae
Eumolpinae
Galerucinae
Lamprosomatinae
Sagrinae
Spilopyrinae
Synetinae

8 subfamilies:
Cerambycinae
Dorcasominae
Lamiinae
Lepturinae
Necydalinae
Parandrinae
Prioninae
Spondylidinae

Author(s)/Year

Napp 1994

Disteniidae

Oxypeltidae

Orsodacnidae Megalopodidae

3 subfamilies:
1 subfamily:
Anoplodermatinae Disteniinae
Philinae
Vesperinae

1 subfamily:
Oxypeltinae

2 subfamilies:
3 subfamilies:
Aulacoscelidinae Megalopodinae
Orsodacninae Palophaginae
Zeugophorinae

Subfamilies Not Sampled
Dorcasominae

Vesperinae

-

-

-

Dorcasominae
Lamiinae
Necydalinae
Spondylidinae
All

Philinae

-

Oxypeltinae

-

-

Unsampled

Oxypeltinae

-

-

Unsampled

Oxypeltinae

-

-

Sampled

Reid 2000
Lamprosomatinae
Sagrinae
Spilopyrinae

Dorcasominae
Necydalinae

Anoplodermatinae Disteniinae
Philinae
Vesperinae
Anoplodermatinae Disteniinae
Philinae
Vesperinae

55

Aulacoscelidinae Palophaginae
Orsodacninae Zeugophorinae

Non
Phytophaga
Sampled

Cassidinae
Chrysomelinae
Criocerinae
Cryptocephalinae
Donaciinae
Eumolpinae
Galerucinae
Lamprosomatinae
Spilopyrinae
Synetinae

Reid 1995

Farrell 1998

Vesperidae

Farrell &
Sequeira 2004
Duckett et al.
2004
Gόmez-Zurita et
al. 2007, 2008
Hunt et al. 2007
Marvaldi et al.
2009

-

Dorcasominae
Necydalinae

Sagrinae
Spilopyrinae

Dorcasominae
Necydalinae
Prioninae
Dorcasominae

Lamprosomatinae
Sagrinae
Spilopyrinae
Spilopyrinae
Synetinae
-

Donaciinae
Eumolpinae
Lawrence et al. Lamprosomatinae
Sagrinae
2011
Spilopyrinae
Synetinae
Bruchinae
Cryptocephalinae
Galerucinae
Prado et al. 2012 Lamprosomatinae
Spilopyrinae
Synetinae
Wang et al.
2013a
Bocak et al. 2014

Lamprosomatinae
Sagrinae
Synetinae

Donaciinae
Eumolpinae
McKenna et al. Lamprosomatinae
Sagrinae
2015
Spilopyrinae
Synetinae

Dorcasominae
Dorcasominae
Necydalinae
Necydalinae
Spondylidinae

Dorcasominae
Lamiinae
Lepturinae
Necydalinae
Parandrinae
Prioninae
Spondylidinae
Dorcasominae
Dorcasominae
Necydalinae
Spondylidinae

Anoplodermatinae Disteniinae
Philinae
Vesperinae
Anoplodermatinae Disteniinae
Philinae
Vesperinae
Philinae
Anoplodermatinae

Oxypeltinae

-

-

Unsampled

Oxypeltinae

-

-

Unsampled

-

-

Megalopodinae
Palophaginae

Unsampled

Philinae
Anoplodermatinae
Philinae
Disteniinae
Vesperinae
Philinae
-

Oxypeltinae

-

Megalopodinae

Sampled

Oxypeltinae

-

-

Sampled

-

Orsodacninae

Megalopodinae
Zeugophorinae

Sampled

Anoplodermatinae Disteniinae
Philinae
Vesperinae

-

-

Megalopodinae
Zeugophorinae

Unsampled

Anoplodermatinae
Philinae
Vesperinae
Philinae

-

-

-

Megalopodinae
Palophaginae

Unsampled

-

-

-

-

Sampled

Philinae

-

-

Orsodacninae

Megalopodinae
Zeugophorinae

Sampled
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Table 2.2: Data analyzed for phylogenetic inference and the taxonomic scope of the phylogenetic
studies reviewed herein. Abbreviations used for individual genes: COI (cytochrome oxidase
subunit 1), COII (cytochrome oxidase subunit 2), Cytb (cytochrome b), CAD (carbamoylphosphate synthetase), AK (arginine kinase), α-Spec (alpha spectrin), EF1-α (elongation factor
1-alpha), Wg (wingless), PEPCK (phosphoenolpyruvate carboxykinase), ND1 (nicotinamide
adenine dinucleotide hydride dehydrogenase subunit 1), ITS2 (internal transcribed spacer
region), H3 (nuclear histone 3), rRNA (ribosomal ribonucleic acid: subunits 12S, 16S, 18S, and
28S; 28S-D2 [D2: domain 2]) .
By “original” we mean characters largely, or entirely, developed by the authors for
phylogenetic inference.
1

2

This study utilized a supertree approach that included the analysis of trees from the following
studies: Silvain & Delobel (1998), Kergoat et al. (2004), Kergoat & Silvain (2004), Kergoat et
al. (2005a), Kergoat et al. (2005b), Morse & Farrell (2005), Tuda et al. (2006), Kergoat et al.
(2007a), and Kergoat et al. (2007b).
*

These studies cited too many sources for their morphological character data to reasonably
include in this table.
+

The exact source of morphological character data used in these studies is unclear.

Data Analyzed
Author(s)/
Year

Molecular (DNA sequences)

Morphological (includes source)
Adult: Crowson (1938, 1944, 1955,
1981), Saalas (1936), Jolivet (1957,
1959); revised
Larval: Craighead (1923), Duffy
(1953, 1957, 1960, 1963, 1968),
Svacha & Danilevsky (1987, 1988);
revised
Adult and larval: revised from
literature*

Taxonomic
Scope

Napp (1994)

N/A

Reid (1995)

N/A

Farrell (1998)

18S rRNA

Adult and larval: Kuschel (1995), Reid
(1995)

Phytophaga

Reid (2000)

N/A

Adult and larval: Reid (1995); revised

Chrysomelidae

Kim et al. (2003)

COI, EF1-α, 28S-D2 rRNA

Adult: Lingafelter & Konstantinov
(1999)

Galerucinae s. l.

Farrell & Sequeira
(2004)

18S rRNA

Adult and larval: Reid (1995, 2000),
Svacha et al. (1997)

Chrysomeloidea

Duckett et al. (2004)

18S rRNA

Adult and larval: Reid (1995, 2000);
revised

Chrysomelidae

Gόmez-Zurita et al.
(2005)

16S rRNA, 18S rRNA, 28S rRNA

Adult: from literature+

Eumolpinae
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Cerambycidae

Chrysomeloidea

Chaboo (2007)

N/A

Adult and larval: original1 and revised
from literature*

Cassidinae

Gόmez-Zurita et al.
(2007)

16S rRNA, 18S rRNA, 28S rRNA

N/A

Chrysomelidae

Hunt et al. (2007)

COI, 16S rRNA, 18S rRNA

N/A

Coleoptera

Gόmez-Zurita et al.
(2008)

16S rRNA, 18S rRNA, 28S rRNA

Adult and larval: Reid (2000)

Chrysomelidae

Kergoat et al. (2008)2

COI, COII, Cytb, 12S rRNA, 28S
rRNA, EF1-α

Adult and larval: Silvain & Delobel
(1998)

Bruchinae

Kӧlsch & Pedersen
(2008)

COI, EF1-α

N/A

Donaciinae

Marvaldi et al. (2009)

18S rRNA, 28S rRNA

N/A

Phytophaga

Chamorro &
Konstantinov (2011)

N/A

Adult: original1 and from Monrós
(1956, 1958)

Lamprosomatinae

Ge et al. (2011)

COI, 16S rRNA, 18S rRNA, 28S
rRNA

N/A

Galerucinae s. l.

Lawrence et al. (2011)

N/A

Adult and larval: various sources*

Coleoptera

Ge et al. (2012)

COI, 16S rRNA, 18S rRNA, 28S
rRNA

N/A

Galerucinae s. l.

Prado et al. (2012)

COI, 18S rRNA, 28S rRNA

N/A

Orsodacnidae

Wang et al. (2013a)

16S rRNA, 18S rRNA, 28S rRNA

N/A

Chrysomeloidea

Bocak et al. (2014)

COI, 16S rRNA, 18S rRNA, 28S
rRNA

N/A

Coleoptera

Chaboo et al. (2014)

COI, 16S rRNA

N/A

Cassidinae
Chrysomelinae

Matsumura et al. (2014)

COI, 12S rRNA, H3

N/A

Criocerinae

McKenna et al. (2015)

18S rRNA, 28S rRNA, CAD, AK,
α-Spec, EF1-α, Wg, PEPCK

N/A

Coleoptera
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Chapter 3: Anchored hybrid enrichment reveals new insights into the
phylogeny and evolution of longhorned beetles (Cerambycidae)
Introduction
The longhorned beetle family Cerambycidae Latreille is one of the most species-rich
families of animals, with an estimated 4000 genera and 35,000 described extant species (Monné
et al., 2009; Svacha and Lawrence, 2014). Cerambycidae sensu stricto (s. str.; See fig 3.1 in
appendix 2 for exemplars) is currently usually divided into 8 subfamilies: Lamiinae (>20,000
species), Cerambycinae (~11,000 species), Lepturinae (~1,500 species), Prioninae (>1,000
species), Dorcasominae (>300 species), Parandrinae (119 species), Spondylidinae (~100
species), and Necydalinae (~70 species) (Svacha and Lawrence, 2014). Cerambycidae s. str. plus
the families Disteniidae, Oxypeltidae and Vesperidae comprise the informal grouping
Cerambycidae sensu lato (s. l.) [equivalent to the Cerambycidae or Longicornia of most old
authors, cerambycid lineage/Cerambycidae s. l. of Reid (1995), cerambyciform assemblage of
Svacha et al. (1997), or Cerambycoidea of some earlier publications; see Svacha and Lawrence,
2014].
Cerambycidae s. l. occur worldwide but attain maximum species richness in the tropics,
where Lamiinae, Cerambycinae, and Prioninae typically dominate (Berkov and Tavakilian,
1999; Svacha and Lawrence, 2014). Cerambycidae s. l. belongs to the informal grouping
Phytophaga, a clade of mostly phytophagous beetles consisting of the sister superfamilies
Curculionoidea Latreille (weevils s. l. including bark beetles) and Chrysomeloidea Latreille (leaf
beetles, longhorned beetles, and relatives). According to Ślipiński et al. (2011), the clade
Phytophaga contains 125,237 described species (61,854 described species in Curculionoidea and
63,383 described species in Chrysomeloidea) – approximately half of all phytophagous insects.
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The earliest fossil Cerambycidae s. l. (Wang et al., 2013; possibly Yu et al., 2015) are from the
Early Cretaceous. The earliest known unambiguous fossil angiosperms (e.g., Friis et al., 2006)
are also from the Early Cretaceous. The diversity of Chrysomeloidea, and other Phytophaga, has
been attributed by some to their co-diversification with angiosperms (e.g., Farrell, 1998; Mitter
and Farrell, 1991; McKenna and Farrell, 2006; McKenna et al., 2009; McKenna, 2011). This
seems only partially true for cerambycids; although they quite possibly predate angiosperms
whose increasing diversity later contributed also to cerambycid diversity, cerambycids are often
highly polyphagous at low taxonomic levels (they may ignore the gymnosperm/angiosperm
border even at species level) and there were undoubtedly multiple host switches between
gymnosperms and angiosperms in cerambycid evolution. The Phytophaga have been the subject
of several focused molecular phylogenetic studies (e.g., Farrell, 1998; Marvaldi et al., 2009).
However, the interrelationships of the subfamilies of Cerambycidae s. str. and the relationship of
Cerambycidae s. str. to the other families of Chrysomeloidea have never been studied in detail
using molecular phylogenetic data. Consequently, many aspects of chrysomeloid classification
and evolution, particularly those concerning Cerambycidae s. l., remain the subject of
considerable debate: The monophyly of Cerambycidae s. str. and s. l., the phylogenetic positions
of Megalopodidae and Orsodacnidae relative to Cerambycidae s. l., possible Southern
(?Gondwanan) versus Northern (?Laurasian) origins of the subfamilies of Cerambycidae s. str.
(see Svacha and Lawrence, 2014), early host plant associations (gymnosperms versus
angiosperms), etc.
The adults of some species of Cerambycidae eat little or no food, whereas adults of the
subfamily Lamiinae undergo obligate maturation feeding, which is thought to be an apomorphy
for the subfamily (Svacha and Lawrence, 2014). Butovitsch (1939) classified adult cerambycid
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feeding habits (for those that feed). These habits ranged from feeding on various plant parts
(leaves, conifer needles and cones, bark and stems of herbs in Lamiinae, flower parts in some
Lepturinae, Necydalinae, Cerambycinae, and a few Lamiinae), sap (some Prioninae,
Cerambycinae and Lepturinae), fruit (e.g., various Cerambycinae and Lamiinae), to feeding on
fungi (e.g., some Lepturinae and Lamiinae) (Butovitsch, 1939; Linsley, 1959).
Larvae of Cerambycidae s. l. (more typical forms are commonly known as roundheaded
borers) are mostly internal borers in woody plants (xylophagous in the broadest sense) and feed
on living or dead (including rotten and fungus-infested) plant tissue(s), although larvae of some
Cerambycidae s. str. feed in herbs and those of some Lamiinae, Prioninae, Lepturinae, and all
Vesperidae are terricolous and feed on plant tissues externally. Most wood-boring species feed
on nutrient-rich subcortical tissues (inner bark, cambium, and immature xylem), with some
species feeding on nutrient-poor outer bark, sapwood, heartwood, and pith (Linsley, 1959;
Hanks, 1999). Cerambycids are an important component of both natural and managed forest
ecosystems. They are major recyclers of dead wood, and through their feeding activities they
create access routes into wood for other decomposing agents, e.g., fungi and other invertebrates
(Ślipiński and Escalona, 2013). At the same time, however, larval feeding can seriously damage
or even kill the host plant, either directly, or when tunnels and galleries produced by feeding
larvae provide access points for pathogenic fungi (e.g., Schowalter, 2009), and especially some
Cerambycinae and Lamiinae, are notorious pests of trees in urban, suburban, and forest
ecosystems (Linsley, 1959). Some species, such as the Asian longhorned beetle Anoplophora
glabripennis Motschulsky, have the potential to cause significant ecological and economic
damage (Meng et al., 2015; Nowak et al., 2001; McKenna et al., in press). Compared to the
subfamilies Lepturinae, Prioninae, and Parandrinae, whose larvae mostly develop in decaying
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wood, species of Cerambycinae and Lamiinae also have higher capacities for introduction, since
they often develop in living or freshly dead plants or construction wood and can thus survive in
imported ornamental plants and wood products (Cocquempot and Lindelöw, 2010; Raje et al.,
2016).
The higher classification of Cerambycidae s. l. (for summaries see, e.g., Crowson, 1955;
Linsley, 1961; Napp, 1994) has long been unstable. The more recent morphological comparative
and phylogenetic studies which contributed to shaping the current (still rather equivocal) opinion
on cerambycid higher classification were, e.g., Svacha and Danilevsky, 1987; Napp, 1994; Reid,
1995, 2000; and Svacha et al., 1997. The only phylogenetic study specifically focused on
resolving higher-level relationships within Cerambycidae s. l. – Napp (1994) – is based on the
study of morphological character data (66 adult characters and 62 larval characters; exemplars
sampled from each of the 11 subfamilies recognized at the time, including Disteniidae and
Oxypeltidae which were then considered subfamilies). Svacha and Lawrence (2014) reviewed
the current state of the classification and phylogeny of the families and subfamilies of
Cerambycidae s. l., highlighting the uncertain relationships among different groups within
Cerambycidae s. l., but reaffirming the monophyly of Cerambycidae s. str. based on
morphological data. The authors also pointed out the unstable tribal classification of most of the
subfamilies of Cerambycidae s. str. (similarly highlighted by Ślipiński and Escalona, 2013), and
attempted to rectify or at least point out some possible misclassifications at the subfamilial level.
Furthermore, in higher-level molecular phylogenetic studies of Chrysomeloidea, Phytophaga,
and the entire order Coleoptera, relationships within Cerambycidae s. l. typically lack strong
statistical support, consistent resolution, and a comprehensive sample of higher taxa (Farrell,
1998; Gómez-Zurita et al., 2007, 2008; Hunt et al., 2007; Marvaldi et al., 2009; Bocak et al.,
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2014; McKenna et al., 2015) (see Haddad and McKenna, 2016 for review); thus, significant
insights into family- and subfamily-level relationships in Cerambycidae s. l. cannot be gleaned
from such studies.
Due to recent methodological advances (both analytical and wet-lab), a decrease in the
cost of DNA sequencing, and a concomitant increase in available genomic resources, it is now
possible to efficiently obtain and analyze DNA sequence data from hundreds of genes/loci from
all kinds of organisms, including model and non-model insect taxa (e.g., Niehuis et al., 2012;
Lemmon and Lemmon, 2013; Misof et al., 2014; Young et al., 2016). Recent studies have
effectively employed whole genome sequencing (WGS; e.g., Niehuis et al., 2012; Prum et al.,
2015), transcriptome sequencing (e.g., Bi et al., 2012; Kawahara and Breinholt, 2014; Misof et
al., 2014; Kjer et al., 2015; Lei and Dong, 2016), or target enrichment (e.g., Lemmon et al.,
2012; Faircloth et al., 2012; Smith et al., 2014; Brandley et al., 2015; Eytan et al., 2015; Prum et
al., 2015; Young et al., 2016), to generate large-scale phylogenomic data sets for use in
phylogeny reconstruction, particularly in groups for which relationships have been difficult to
resolve using smaller samples of molecular data (see Lemmon and Lemmon 2013 for a review of
alternative approaches). WGS produces the most data, but is the most expensive of these
approaches and also carries a high bioinformatic and computational burden. Transcriptome
sequencing requires tissues that are preserved for RNA. Such tissues are often not available for
all taxa of interest. Therefore, in cases where high-quality RNA is unobtainable, hybrid
enrichment is typically the preferred approach (Lemmon and Lemmon, 2013). Hybrid
enrichment has also demonstrated utility across a broad spectrum of taxonomic scales, and is an
extremely cost-effective and efficient strategy (e.g., Faircloth et al., 2012; Lemmon et al., 2012;
Lemmon and Lemmon, 2013). However, this approach requires that at least some “model” DNA
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sequences are available for designing probes to target the loci of interest. Hybrid enrichment is a
comparatively versatile approach, and has been successfully used with museum specimens (Bi et
al., 2013) and ancient DNA (Burbano et al., 2010; Carpenter et al., 2013). Anchored Hybrid
enrichment (AHE) (Lemmon et al., 2012) is a relatively recent approach for hybrid enrichment
that is now being used rather widely in phylogenomic studies of vertebrates (e.g., Prum et al.,
2015; Brandley et al., 2015; Eytan et al., 2015) and most recently invertebrates (Diptera: Young
et al., 2016; Lepidoptera: Breinholt et al., in review; Arachnida: Hamilton et al., 2016). It is a
fast and cost-efficient method for enriching hundreds of a priori targeted loci for use in
phylogeny reconstruction. Ideally, organisms with sequenced genomes or other genomic
resources are used to design enrichment probes that are used to capture sequence data from
organisms lacking genomic resources. These probes are designed based on select conserved
“anchor regions” in the model organisms’ genomes that are adjacent to less conserved regions.
As such, these probes can be used to obtain conserved anchor regions in addition to the more
rapidly evolving flanking regions. The resulting captured fragments are then sequenced using
high-throughput (NGS) sequencing methods, assembled into contigs, evaluated for orthology,
and used in phylogenetic analyses (Lemmon et al., 2012).
Evaluating the monophyly and relationships of Cerambycidae s. str. and s. l. has not been
the specific aim of any study since Napp (1995), who used morphological data. In fact, higherlevel molecular phylogenies for Cerambycidae s. l. are lacking, and only a few studies address
the phylogeny of specific tribes and genera (e.g., Nearns and Branham, 2008; Toki and Kubota,
2010). Our study was designed specifically to evaluate the monophyly of both Cerambycidae s.
str. and Cerambycidae s. l. in the context of a higher-level phylogeny of Chrysomeloidea, using
anchored hybrid enrichment. Our aims were also to determine the relationships among the
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subfamilies of Cerambycidae s. str. and the families of Cerambycidae s. l. based on a sample of
exemplars (including type genera if available), and to determine the phylogenetic placement of
Megalopodidae and Orsodacnidae relative to Cerambycidae s. l. and Chrysomelidae (other
Chrysomeloidea).

Materials and Methods
Taxon Sampling
Exemplars were selected based on the availability of specimens suitable for DNA, and
type genera and species of families and subfamilies were sampled when possible (see table 3.1 in
appendix 2). We included 14 taxa representing all 8 subfamilies of Cerambycidae s. str., 7
exemplars from other families of Cerambycidae s. l. (Disteniidae, Oxypeltidae, Vesperidae), 4
exemplars of presumed close relatives in the families Megalopodidae and Orsodacnidae, and 6
exemplars representing 6 subfamilies of Chrysomelidae. Four outgroups were sampled, including
2 Curculionoidea (sister group to Chrysomeloidea; McKenna, 2014) and 2 Cucujoidea s. str.
(sister group to Phytophaga; Robertson et al., 2015). All trees were rooted with Aethina Erichson
(Nitidulidae) and Cucujus Fabricius (Cucujidae) on the basis of recent studies (e.g., McKenna et
al., 2015).
DNA extraction, library preparation and sequencing
DNA extraction, library preparation, enrichment and sequencing were performed for all
but two taxa in table 3.1 of appendix 2 (the sequenced genome of Anoplophora glabripennis and
the transcriptome shotgun assembly from NCBI of Aethina tumida Murray were used in our
phylogenetic analyses). Depending on the size of the specimen, genomic DNA was extracted
from 1-6 legs, thoracic muscle, a piece of larval tissue, or the whole body of the specimen.
Specimens were live-frozen, alcohol-preserved (80-100% ethanol), or pinned/dry. Total genomic
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DNA was extracted from air-dried specimens using the Omniprep™ kit (G-Biosciences). The
recommended minimum amount of DNA required for library prep is 200ng, which can be readily
obtained from cerambycids of any size. Genomic DNA QC statistics were generated for each
extracted specimen/sample using a Qubit fluorometer, and DNA quality
(fragmentation/degradation and/or contamination with RNA) was further assessed via gel
electrophoresis. Remaining specimen parts (intact and/or ground pieces) are preserved in 99%
ethanol and retained in the McKenna Lab as vouchers. Extracted DNA was sent to the Center for
Anchored Phylogenomics at Florida State University (www.anchoredphylogeny.com) for library
preparation, hybrid enrichment, and DNA sequencing. Protocols for library preparation,
enrichment, sequencing, and probe design followed Lemmon et al. (2012). Genomic DNA
samples were sonicated to a fragment size of ~150-350 base pairs (bp) using a Covaris E220
Focused-ultrasonicator with Covaris microTUBES. Library preparation and indexing were
performed on a Beckman-Coulter Biomek FXp liquid-handling robot following a protocol
modified from Meyer and Kirschner (2010), that included size-selection after blunt-end repair
using SPRIselect beads (Beckman-Coulter Inc.; 0.9x ratio of bead to sample volume). Indexed
samples were then pooled at equal quantities (~12-16 samples/pool), and enrichments were
performed on each multi-sample pool using an Agilent Custom SureSelect kit (Agilent
Technologies), which contained probes designed for anchored loci from the selected model
beetle genomes/transcriptomes. After enrichment, the three enrichment pools were pooled in
equal quantities for sequencing in three PE150 Illumina HiSeq 2000 lanes, shared with samples
from other projects (a total of 27,714,941,100 base pairs were collected for the samples used in
this study). Sequencing was performed by the Translational Science Laboratory in the College of
Medicine at Florida State University.
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Probe design and Identification of conserved orthologous loci
Probes for Coleoptera were designed in coordination with those designed for Diptera
(Young et al. 2016). More specifically, we obtained nucleotide alignments of 4485 proteincoding genes for 13 insect species from Niehuis et al. (2012). Specifically, these alignments
included 11 species of Holometabola from five orders (Diptera, Hymenoptera, Lepidoptera,
Strepsiptera, and Coleoptera) and two non-holometabolous outgroups from the orders Anoplura
and Hemiptera (See Young et al. 2016 table 1 for details). A preliminary set of loci was then
selected containing greater than or equal to six taxa, and at least one consecutive 120 bp region
with >50% pairwise sequence identity. Exon boundaries were then identified using custom
scripts that identified matches between the beetle model genomes/transcriptomes and the
genomes obtained from Niehuis et al. (2012) using 40-mers (see Young et al., 2016 for details
and scripts).
To develop the beetle probe kit, 26 taxa (see table 3.2 in appendix 2) with sequenced
genomes and/or transcriptomes representing the major lineages of interest and near outgroups in
Cucujiformia (McKenna et al., 2015) were chosen for consideration: 4 cerambycids, 6
chrysomelids, 5 curculionids, 1 brentid, 1 carabid, 1 coccinellid, 1 hydroscaphid, 1 cupedid, 1
byturid, 1 clerid, 1 cryptophagid, 1 tenebrionid, 1 mengenillid, and 1 corydalid. We refer to these
taxa as the model species.
Enrichment probes were developed targeting 941 orthologous nuclear loci (average
length 440bp) pre-determined to be useful for phylogeny reconstruction in beetles based on their
location in conserved anchor regions (flanked by less conserved regions) of the
genomes/transcriptomes of the model species, and their status as 1:1 orthologs in the model
species. The 941 target loci were selected from a pool of ~1200 candidate loci that constituted
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the intersection of a genome-based data set (4485 1:1 orthologs from Holometabola; Niehuis et
al., 2012) with a transcriptome-based data set (1478 1:1 orthologs from 139 representative
Arthropoda, mostly insects; Misof et al., 2014). They comprise a core set of 236 loci with utility
across Arthropoda, but primarily focused on Insecta, plus 705 loci selected from a 1:1 ortholog
set for Neuropteroidea (Coleoptera + Strepsiptera and Neuropterida) (McKenna & Farrell 2010;
McKenna 2016; Beutel & McKenna 2016). The 941 target loci were sought in each of the
genomes and transcriptomes of the model species to confirm their presence and further assess
their phylogenetic utility (copy number, length, % identity, GC content, etc.). Alignments for the
941 target loci containing the 26 model species were used to identify enrichment probes. Probes
were tiled approximately every 50bp for each of 26 model species (2.4x coverage per species),
starting at the beginning of the alignment. Final alignments and probe sequences are given as
supplemental materials.
Read processing, assembly, and orthology assessment
Quality-filtered sequencing reads were processed following the methods described in
Lemmon et al. (2012) and Prum et al. (2015). In short, reads were quality filtered and
demultiplexed (with no mismatches tolerated), and pairs were merged following Rokyta et al.
(2012) to remove sequencing errors and increase read lengths. Reads were then assembled
following Prum et al. (2015), except that the following models were used as references:
Callosobruchus maculatus Fabricius (genome), Leptinotarsa decemlineata Say (transcriptome),
Diabrotica undecimpunctata Linnaeus (genome), Rhamnusium bicolor Schrank (transcriptome),
Anoplophora glabripennis (genome), and Tribolium castaneum Herbst (genome). T. castaneum
covered 100% of the target loci which is why it was selected as the main reference gene set. The
remaining reference taxa covered approximately 82% to 92% of the target loci, with the lowest
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being C. maculatus at 72.3%. After assembly, we checked for possible cross contamination using
an all-vs-all blast search for each taxon (Camacho et al., 2009).
Orthologous genes were identified using Orthograph (Petersen et al., 2015), a proteinbased orthology search pipeline. It removes possible paralogous genes using hidden Markov
model (HMM)-based orthology searches of protein-translated sequences. Three official gene sets
(OGS) of three insect taxa from OrthoDB7 (online database of orthologous protein-coding genes
across major radiations in the tree of life) were used as references for orthology prediction:
Danaus plexippus Linnaeus (Lepidoptera: Danaidae) (Zhan et al., 2011), Nasonia vitripennis
Walker (Hymenoptera: Pteromalidae) (Werren et al., 2010), and T. castaneum (Coleoptera:
Tenebrionidae) (Richards et al., 2008). The OGS for T. castaneum is the only beetle OGS
available in OrthoDB7, and the other two insect taxa were chosen based on their high quality
genomes and OGSs. OrthoDB7 (Waterhouse et al., 2013; Kriventseva et al., 2015) was used to
generate a table of clusters of orthologous groups (COGs) for each of the three chosen OGSs. In
particular, the 941 AHE reference locus set for T. castaneum was remapped by BLASTX (Evalue threshold  1e-6) against the reference OGS for T. castaneum (OGS 3.0; Richards et al.,
2008). This recovered 663 genes, each an assembly of sequences from one or more of the
targeted AHE loci. AHE reference assemblies can generate duplicates of single-copy orthologs if
the flanking regions of different targeted loci (different exons from the same gene) overlap.
Based on the BLASTX results, these duplicate loci were removed, which resulted in 522 COGs
that matched with all single-copy COGs of the aforementioned three OGSs in the Orthograph
pipeline (141 of the 663 genes represented by our 941 target loci were multicopy in at least one
of the three OGSs).
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The resulting COG tables and OGS sequences were loaded into Orthograph as the
reference database for subsequent strict protein-based orthology searches. First, all DNA
sequences were translated in all 6 possible reading frames, then the resulting library of AA
sequences was searched using profile hidden Markov models (pHMMs) that were trained by the
three OGSs previously selected from OrthoDB7. Each of the 522 genes was then assessed for
orthology in Orthograph using a reciprocal blast search, and this was done for each taxon-based
result from the Orthograph pipeline. Results were stored in both AA and NT format for each
taxon-based result (following Petersen et al., 2015). The resulting fasta formatted NT files for
each species were screened for vector contamination using UniVec (Cochrane and Galperin,
2010). Finally, an all-vs-all blast search was used to further assess our data set for crosscontamination.
Phylogenomic pipeline
Orthograph generates fasta files that include OrthoDB7 IDs for every taxon and gene and
include descriptive information concerning the results in their headers. They also include three
OGS sequences for each gene. As a result, we employed a custom bioinformatics pipeline to
process these files. First, headers of all files were modified using orthograph2hamstrad.pl (from
the Orthograph package; Petersen et al., 2015). Second, reference genes (OGSs) are removed for
each file using Remove_references.sh, such that each of them now contain only one target
sequence for each gene and a clear taxon name (or taxon code) that includes an OrthoDB7 ID.
Next, fasta files for each taxon were combined using summarize_orthograph_results.pl (from
Orthograph; Petersen et al., 2015) based on OrthoDB7 IDs. Genes were then aligned in MAFFT
v7 with 1-ins-I and default options. After that, zero bite files resulting from errors in the
alignment step were removed from the MAFFT results using 0bite_mover.sh. The resulting file

70

names were then changed from the HaMStRad header to simple taxon names using the custom
script change_taxon_names.sh (requires an input file of custom taxon names/codes to be created
by the user). Finally, aligned files were concatenated with a modified AMAS.sh (alignment
manipulation and summary statistics) script executed in AMAS 0.97 (Borowiec, 2015). All steps
in this pipeline were automated with a script (00_automatic_pipeline.sh). All scripts and details
of this pipeline will become available on Dryad upon publication of this chapter.
Phylogenetic analysis
Phylogenetic analyses were conducted using Maximum Likelihood (ML) and Bayesian
inference (BI) for both nucleotide (781,446 bp) and amino acid (257,303 aa) data. ML analyses
were performed in RAxML 8.1.5 (Stamatakis, 2014) and Bayesian analyses were performed in
MrBayes 3.2.5 (Ronquist et al., 2012). The majority of analyses were carried out on the HPC
(High performance computing) cluster at the University of Memphis. We chose to carry out both
partitioned and unpartitioned ML analyses for both the AA and NT data sets. Trees resulting
from the partitioned ML analyses are our preferred trees. Partitioning optimizes the selection of
appropriate models of molecular evolution and has been determined to account for among-site
heterogeneity in the rates and patterns of evolution of sequence alignments (e.g., Lanfear et al.,
2012) which has been shown to improve various aspects of phylogenetic inference (e.g., see
Poux et al., 2008; Rota and Wahlberg, 2012; Leavitt et al., 2013).
We performed both partitioned (figs 3.2 and 3.3 of appendix 2) and non-partitioned (figs
3.4 and 3.5 of appendix 2) ML analyses for both nucleotide (NT) and amino acid (AA) data.
Partitioned analyses were carried out using PartitionFinder 1.1.1 (Lanfear et al., 2012) with the
RAxML option in order to determine optimal partitioning schemes and best-fit models of
substitution for both AA and NT data. For the AA PartitionFinder (PF) analysis (fig 3.3 of
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appendix 2), we specified use of the strict hierarchal clustering algorithm (hcluster) to search for
the best partitioning scheme using the Bayesian Information Criterion (BIC). PF recommended
both LG+G (60 subsets) and WAG+G (9 subsets) models for the AA data, but only 13% of the
data was fitted to the WAG+G model, so we used the LG+G model for the AA ML analysis.
For the NT PartitionFinder analysis (fig 3.2 of appendix 2), we also specified the use of
the h-cluster algorithm to search for the best partitioning scheme using the BIC criterion. PF
recommended the GTR+I+G model for all the NT data (16 subsets), so we used that model for
the NT ML analysis.
The AA and NT data sets were analyzed separately in RAxML (10 replicate ML searches
and 1000 rapid bootstrap replicates). Results from the bootstrap analyses were mapped onto the
resulting ML trees.
The Bayesian analyses for both unpartitioned AA (fig 3.7 of appendix 2) and NT (fig 3.6
of appendix 2) data sets were also performed on the HPC cluster of the University of Memphis.
Concatenated datasets were analyzed using the GTR+I+G model for the NT dataset and mixed
models for the AA dataset; 24 chains were executed using the MPI (Message Passing Interface)
version of MrBayes for both datasets respectively, starting with a random tree and running for
one million MCMC (Markov Chain Monte Carlo) generations, with trees sampled every 1000
generations. Burn-in was set at 25% of the sampled number of trees (~250,000 generations). We
used TRACER 1.6 (Rambaut et al., 2014) to monitor convergence of the MCMC runs, which
was also confirmed by monitoring the value of split frequencies between runs (value fell below
0.01). The runs converged at or before approximately 100,000 generations. A 50% majority rule
consensus tree was constructed from the remaining (post burn-in) trees to estimate posterior
probability (PP) values, with nodes having PP ≥ 0.95 considered strongly supported.
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Results and Discussion
Comparing the AA and NT trees
The trees obtained from the three different analyses of NT data (figs 3.2, 3.4, and 3.6 of
appendix 2) were identical in topology but varied slightly in nodal support. The tree resulting
from the Bayesian analysis of NT data (fig 3.6 of appendix 2) had maximal nodal support, and
the greatest variation in nodal support among the three trees was within the chrysomelid clade.
Notably, all NT analyses showed maximal support (100% MLBS and PP=1) for the monophyly
of Cerambycidae s. str., for the sister group relationship between Cerambycidae s. str. and
Disteniidae (Cyrtonops White and Distenia Serville), and for the sister group relationship
between the latter two families and Vesperidae (Migdolus Westwood, Mysteria Thomson, Philus
Saunders, Vesperus Dejean). All three trees also had maximal support for the sister group
relationship between Orsodacnidae (Orsodacne Latreille and Aulacoscelis Duponchal and
Chevrolat) and Cerambycidae s. str. + Disteniidae + Vesperidae. Another notable consensus
among the NT analyses (also recovered in all AA analyses) is the maximally supported sister
group relationship between Cheloderus Gray (Oxypeltidae) and the megalopodid genus
Palophagoides Kuschel (Palophaginae), with Zeugophora Kunze (Zeugophorinae:
Megalopodidae) sister to them (99%-100% MLBS and PP=1).
The partitioned (fig 3.3 of appendix 2) and unpartitioned (fig 3.5 of appendix 2) ML
analyses of AA data resulted in identical topologies, whereas the Bayesian analysis of AA data
(fig 3.7 of appendix 2) had a slightly different topology. Both ML analyses recovered a
monophyletic Cerambycidae s. str. but with poor support (63% and 50% MLBS for the
partitioned and unpartitioned analyses of AA data respectively). The sister group relationship
between Cerambycidae s. str. and Disteniidae was maximally supported in both. Conversely, the
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Bayesian analysis (fig 3.7 of appendix 2) recovered a paraphyletic Cerambycidae s. str., rendered
as such by Disteniidae. Thus, the monophyly of Cerambycidae s. str. and nodal support for that
clade when it is in fact recovered is a major difference among the NT and AA trees.
Interestingly, in all three trees resulting from analyses of AA data, a maximally supported clade
comprised of a monophyletic Vesperidae + a paraphyletic Megalopodidae (Zeugophora and
Palophagoides) + Cheloderus (Oxypeltidae) was recovered sister to Cerambycidae s. str. +
Disteniidae with maximal nodal support. Conversely, in all analyses of NT data (figs 3.2, 3.4,
and 3.6 of appendix 2), Cerambycidae s. str. + Disteniidae was recovered sister to a
monophyletic Vesperidae, with Orsodacnidae sister to them.
Interestingly, all analyses of NT data recovered a paraphyletic Cerambycinae
(Callisphyris Newman and Megacyllene Casey), rendered as such by Dorcasomus AudinetServille (Dorcasominae). Although nodal support for the sister group relationship between
Callisphyris and Dorcasomus was not maximal in the ML trees, it was still reasonably high (91%
and 96% MLBS for partitioned and unpartitioned ML analyses respectively, and PP=1 for
Bayesian analysis). Conversely, all analyses of AA data recovered a monophyletic
Cerambycinae sister to Dorcasomus (Dorcasominae), though support for the monophyly of the
former subfamily was low in the ML analyses (65% and 61% MLBS for partitioned and
unpartitioned ML analyses respectively) but maximal in the Bayesian analysis (fig 3.7 of
appendix 2). However, all analyses recovered a monophyletic Prioninae (Tragosoma AudinetServille and Prionus Geoffroy) sister to Acutandra Santos-Silva (Parandrinae) with maximum
support, a monophyletic Lepturinae (Rutpela Nakane and Ohbayashi and Desmocerus Dejean)
sister to Necydalis Linnaeus (Necydalinae) with maximum support, and a monophyletic
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Lamiinae (Anoplophora, Lamia Fabricius, and Tetraopes Schoenherr) sister to a monophyletic
Spondylidinae (Asemum Eschscholtz and Spondylis Fabricius) with maximal support.
There is clearly some incongruity in support and topology between AA and NT analyses
for our data, which is not uncommon (e.g., Regier et al., 2010). Generally, NT data is more
informative than AA data for phylogenetic reconstruction of recent divergences due to the
increased likelihood of substitutions at synonymous sites (Rota-Stabelli et al., 2013). However,
in phylogenetic reconstructions of deep-level relationships, the decision is further complicated by
saturation and mutation pressures affecting synonymous sites of NT data. The higher rate of
accumulation of substitutions at synonymous sites of NT data generates saturation that may
result in poorly supported or false phylogenies. Furthermore, convergence in nucleotide
composition in unrelated lineages may result from strong mutational pressure on synonymous
sites in NT data which would also result in a false phylogenetic hypothesis (Rota-Stabelli et al.,
2013). As such, either AA data is preferentially used in such cases, or the NT data is modified in
an attempt to alleviate those issues (e.g., by removing third codon positions or via R-Y
recoding). Nevertheless, studies continue to disagree over which data type needs to be prioritized
for phylogenetic reconstruction, with analyses of AA data oftentimes preferred for reconstructing
phylogenies of deeper-level relationships, despite some studies arguing for the preference of NT
data in all cases for phylogenetic analysis (e.g., Townsend et al., 2008 for vertebrates, but see
discussion therein; Holder et al., 2008). Furthermore, some recent studies argue that
incongruence between AA and NT analyses is the result of poor modeling methods for AA
analyses, and that NT data can still be utilized but requires better methods of nucleotide
degeneracy coding (Zwick et al., 2012); others caution that given the current state of things, AA
data should be preferred (Rota-Stabelli et al., 2013). Given all this, we took an exploratory
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approach with our data, and included different analyses for both AA and NT data with the
intention of comparing the obtained phylogenetic hypotheses. However, resolving the ongoing
dispute of which data type is more phylogenetically informative was not the aim of this paper.
As such, we consider cases of congruence in topology across the different analyses to reflect the
robustness of those recovered relationships. Further, cases of incongruence across our analyses
likely reflect instability of recovered relationships in those parts of the phylogeny which warrant
further investigation.
Monophyly of Cerambycidae s. str. and relationships within the family
Our results do not all support the monophyly of Cerambycidae s. str. It is monophyletic
with maximal support (100% MLBS and PP=1) in all analyses of nucleotide data (figs 3.2, 3.4,
and 3.6 of appendix 2), monophyletic with poor support (50% and 63% MLBS in the partitioned
and unpartitioned analyses respectively) in both ML analyses of AA data (figs 3.3 and 3.5 of
appendix 2), and paraphyletic in the Bayesian analysis of AA data (fig 3.7 of appendix 2).
Svacha et al. (1997) proposed the larval gula as a possible synapomorphy for Cerambycidae s.
str., but also questioned the monophyly of the group. Svacha and Lawrence (2014) presented the
phylogeny of Cerambycidae s. str. as having an unresolved basal trichotomy with 3 branches:
Branch 1 included Prioninae and Parandrinae, with the latter potentially rendering the former
paraphyletic; Branch 2 included Cerambycinae and Dorcasominae; and Branch 3, which they
(and others) suspect may not be monophyletic, includes Lamiinae, Lepturinae, Necydalinae, and
Spondylidinae. Our findings provide a first glimpse of the relationships among the subfamilies of
Cerambycidae s. str., as inferred from analyses of molecular data. We consistently recovered
Cerambycidae s. str. in 2 major clades in all but one of our analyses (all but fig 3.7 of appendix
2). One clade contained two branches: (1) Prioninae, Parandrinae, Cerambycinae, and
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Dorcasominae, and (2) Lepturinae and Necydalinae. The other clade contained Lamiinae and
Spondylidinae. The grouping of Prioninae, Parandrinae, Cerambycinae, and Dorcasominae in our
study is consistent with the results of investigations of the larval occipital foramen by Danilevsky
(1979). Our results are also compatible with Duffy (1953, 1957, 1960, 1963, 1968), whose
studies of larval morphology indicate a close affinity between Cerambycinae, Prioninae and
Parandrinae based on characters of the occipital foramen and mouthparts.
Traditionally, Lamiinae and Cerambycinae have been considered closely related
subfamilies (e.g., Napp, 1994), and in some recent phylogenetic studies, they have been
recovered either as sister groups (e.g., Farrell, 1998; Hunt et al., 2007) or as a single clade (e.g.,
Farrell and Sequeira, 2004). Both Napp (1994) and Linsley (1961) considered Lamiinae and
Cerambycinae to be the most ‘advanced’ of the cerambycid subfamilies, though Linsley (1961)
did not define their relationship. However, Napp (1994) recovered them as sister groups in her
analyses, though she noted that the characters (deeply emarginated eyes, absence of sternopleural suture, greatly reduced or absent media) establishing this relationship may not be valid
synapomorphies. Regardless, as discussed in Svacha and Lawrence (2014), there is no
convincing morphological evidence from adults or larvae to support a sister group relationship
between the two subfamilies. Evidence from recent molecular studies indicates a close
relationship between Cerambycinae and Prioninae + Parandrinae (e.g., Gillett, 2006; Raje et al.,
2016), and our results corroborate this since Prioninae, Parandrinae, Cerambycinae and
Dorcasominae formed a single clade in our trees (similar to Sýkorová, 2008; a phylogenetic
study based on 510bp of 16S rDNA). We also recovered a monophyletic Lamiinae sister to a
monophyletic Spondylidinae in all of our analyses, contrary to the results of Napp (1994).
Lamiinae and Spondylidinae have also been recovered as sister groups in some other analyses
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(outgroups in Gómez-Zurita et al. 2007, 2008; Marvaldi et al., 2009). Crowson (1955) noted
affinities between Lamiinae and Aseminae (today known as Spondylidinae): both have a
mesonotum with a complete internal longitudinal keel, and both have species with deeply
emarginated eyes. In addition, Crowson (1960) mentioned that Lamiinae were probably derived
from ancestors in or near Aseminae, and Svacha and Danilevsky (1987) found some support for
a close relationship between the two subfamilies based on larval morphology. Svacha and
Lawrence (2014) speculated that both subfamilies are possibly ‘Northern’ in origin since
Spondylidinae is predominantly Northern in distribution (Svacha and Lawrence, 2014) and
Lamiinae, though most diverse in the tropics, is outnumbered by Cerambycinae in Southern
South America, Australia, and North America (Forchhammer and Wang, 1987).
A close affinity between Prioninae and Parandrinae has been well established (e.g.,
Craighead, 1923; Danilevsky, 1979; Svacha and Danilevsky, 1987; Napp, 1994; Svacha and
Lawrence, 2014). Svacha and Lawrence (2014) proposed possible larval (flat or roundly convex
antennal sensorium in later instar larvae) and adult (lack of a mesoscutal stridulatory plate and
internally open procoxal cavities) synapomorphies for the Prioninae + Parandrinae branch. The
two subfamilies have been recovered as sister groups in some recent phylogenetic studies (e.g.,
Farrell, 1998; Farrell and Sequeira, 2004; Gómez-Zurita et al., 2007, 2008), but the exact
relationship between them remains uncertain on account of the limited sampling of Prioninae in
all studies to date. Furthermore, the monophyly of Prioninae remains uncertain, for the subfamily
has no larval apomorphies and may be rendered paraphyletic by Parandrinae (Svacha and
Lawrence, 2014). Craighead (1923) placed Parandrinae within Prioninae after examining the
larvae of Parandra Latreille (Crowson, 1955 also agreed with this). Svacha and Danilevsky
(1987) considered the larvae of Parandrinae to be ‘a Prionine type’, and Svacha did not support
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elevating the group to subfamily rank, though they (Svacha and Danilevsky, 1987) retained it as
such. In addition, Duffy (1953, 1960) supported a subfamily rank for Parandrinae, as did Napp
(1994). Both subfamilies have been traditionally considered the oldest and ‘least advanced’
groups within Cerambycidae based on adult and larval features (e.g., Crowson, 1955; Linsley,
1961; Nakamura, 1981), and both have held basal positions in the phylogenies of some studies
(e.g., Napp, 1994; Farrell, 1998; Hunt et al., 2007). However, the morphological characters on
which these assumptions were based have been questioned by some (e.g., Crowson, 1955), and it
is becoming clear that Prioninae + Parandrinae may actually reside in a more derived position in
the phylogeny of Cerambycidae s. str. (Gillett, 2006; Raje, 2012; Raje et al., 2016; analyses
herein). Whatever their true relationship, there is clearly substantial morphological and
molecular evidence supporting a close relationship between these two groups. We were unable to
assess the monophyly of Parandrinae since only one exemplar was sampled. Furthermore, our
sampling of Prioninae (two exemplars) did not provide for a substantial challenge to its
monophyly. Nonetheless, Prioninae was monophyletic, with Acutandra (Parandrinae) as its sister
taxon in all analyses (figs 3.2-3.7 in appendix 2), and unlike some previous studies, the two
subfamilies did not occupy a basal position in the phylogenies. More extensive sampling of both
subfamilies is required to better elucidate their monophyly and relationship to one another.
Dorcasominae is unusually species rich in Madagascar and nearby islands, and is
otherwise represented by some species in the Oriental, Afrotropical, and Southern Palearctic
regions (Svacha and Lawrence, 2014). Historically, some have considered Dorcasominae to be a
tribe within Cerambycinae (e.g., Quentin and Villiers, 1970 considered Dorcasomini to only
include Dorcasomus), whereas some considered it to be a tribe within Lepturinae (e.g., Duffy,
1957, 1980). It was established as a subfamily relatively recently by Danilevsky (1979) who
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elevated the group to subfamily rank (as Apatophysinae based on Apatophysis Chevrolat; it later
became Dorcasominae after the inclusion of Dorcasomus within the subfamily by Svacha and
Danilevsky, 1987), though today, some consider the group to comprise two subfamilies
(Apatophyseinae and Dorcasominae; e.g., Bouchard et al., 2011) due to differences in the adults
and larvae of Apatophysis and Dorcasomus. Dorcasominae has no obvious larval apomorphies
supporting its monophyly and the adults of some genera are difficult to distinguish from
cerambycines (Svacha and Lawrence, 2014). The group is often absent from the taxon sample of
recent phylogenetic studies of Coleoptera (see table 1 in Haddad and McKenna, 2016). In some
of our analyses (figs 3.2, 3.4, 3.6 in appendix 2), Dorcasominae rendered Cerambycinae
paraphyletic. Its placement also reveals that Dorcasominae is closer in affinity to Cerambycinae
than to Lepturinae, similar to Sýkorová (2008). This is also in agreement with Svacha et al.
(1997), who noted that Dorcasomus may possibly be sister to Cerambycinae + Apatophyseinae
(= Dorcasominae) based on tentorial morphological characters that they considered to be
secondarily derived (apomorphic) for the latter two subfamilies. They also noted that
Callisphyris [and Hephaestion Newman which is not sampled in our study but is a known close
relative of Callisphyris (McKenna unpublished data)], has a divided stridulatory plate, and thus
differs from most other members of Cerambycinae that have undivided plates (Svacha et al.,
1997). Future studies should more deeply sample both Dorcasominae and Cerambycinae in order
to assess the monophyly and interrelationships of these groups and to further establish the
phylogenetic placement of Dorcasominae within Cerambycidae s. str.
Necydalinae is a morphologically distinct subfamily with characteristically very short
elytra, whose members are mimics of Hymenoptera. The subfamily includes only two genera
(Necydalis and Ulochaetes LeConte; Svacha and Lawrence, 2014) and is sometimes considered a
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tribe of Lepturinae (e.g., Linsley, 1940; Monné, 2006). Subfamily status for necydalines has
previously been suggested by LeConte (1873), Duffy (1960), and Svacha and Danilevsky (1987),
and more recent authors seem to converge in considering it a subfamily (e.g., Bezark and Monné,
2013; Svacha and Lawrence, 2014). Bezark and Monné (2013) include ten more genera
(Atelopteryx Lacordaire, Callisphyris, Cauarana Lane, Hephaestion Newman, Hephaestioides
Zajciw, Mendesina Lane, Parahephaestion Melzer, Planopus Bosq, Rhathymoscelis Thomson,
and Stenorhopalus Blanchard) within Necydalinae, which Svacha and Lawrence (2014) argue
are misclassified South American cerambycines based on several adult parallelisms. As
mentioned above, Callisphyris was included in our study and was recovered within
Cerambycinae. In comparison, Lepturinae is a larger subfamily including an estimated 200
described extant genera (Svacha and Lawrence, 2014). Napp (1994) consistently recovered a
monophyletic Lepturinae, only as long as Necydalis was included. Most species of both
Lepturinae and Necydalinae occur only in the Northern Hemisphere, and mostly at higher
elevations (Svacha and Lawrence, 2014). Svacha and Lawrence (2014) suggested a possible
larval apomorphy for each of Lepturinae (reduction or absence of larval pronotal lateral furrows)
and Necydalinae (duplicate lateral impressions of the ventral ambulatory ampullae) that would
distinguish their otherwise relatively similar larvae. The phylogeny and monophyly of
Necydalinae have not been assessed in a phylogenetic study and the subfamily is rarely included
in the taxon sample of phylogenetic studies of Coleoptera (see table 1 in Haddad and McKenna,
2016). We recovered a monophyletic Lepturinae sister to Necydalis (the only sampled
Necydalinae) in all of our analyses (figs 3.2-3.7 in appendix 2).
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Relationships within Cerambycidae s. l.

There are no published phylogenetic studies specifically aiming to resolve the
relationships among the families and subfamilies of Cerambycidae s. l. Furthermore,
Cerambycidae s. l. has been conspicuously under-sampled in effectively all molecular and
morphological phylogenetic studies to date, whether of Phytophaga (Farrell, 1998; Marvaldi et
al., 2009), Chrysomeloidea (Reid, 1995; Farrell, 1998; Farrell and Sequeira, 2004; Wang et al.,
2013), Coleoptera (Hunt et al., 2007; Lawrence et al., 2011; Bocak et al., 2014; McKenna et al.,
2015), or even Cerambycidae s. str. (Raje et al., 2016). Consequently, the monophyly of
Cerambycidae s. l. is untested, and the interrelationships of its families and subfamilies remain
uncertain. Svacha and Lawrence (2014) concluded that Cerambycidae s. l. is likely not
monophyletic, particularly as a result of emerging evidence from molecular phylogenetic studies
(Prado et al., 2012; McKenna et al., 2009; and McKenna et al., 2015) suggesting that
Oxypeltidae is closer in affinity to Megalopodidae than to any other group within Cerambycidae
s. l. However, they noted that the broad tentorial bridge is a possible larval synapomorphy for the
group, which they also remarked would have to have been secondarily lost in most
Cerambycidae (since the character is only present in Prioninae and Parandrinae; Svacha and
Lawrence, 2014). We recovered Cerambycidae s. str. sister to Disteniidae in most of our
analyses (all but fig 3.7 in appendix 2), a relationship also suggested by Svacha and Lawrence
(2014) based on possible larval synapomorphies (larval epistomal margin and annularmultiforous larval spiracles). There are no known adult synapomorphies supporting a close
relationship between Disteniidae and any other group within Chrysomeloidea (Svacha and
Lawrence, 2014). Furthermore, Svacha et al. (1997) remarked that Disteniidae was the only non-

82

cerambycid chrysomeloid group to share the primarily dead wood feeding habit of cerambycids,
and also hypothesized that the family may be classified near Cerambycidae.
Vesperidae includes the subfamilies Vesperinae, Philinae, Anoplodermatinae and the
incertae sedis tribe Vesperoctenini (one species, Vesperoctenus flohri Bates) whose taxonomic
placement is uncertain (Svacha et al., 1997). Svacha et al. (1997) included Vesperoctenus Bates
within Vesperidae as a genus incertae sedis, but noted that it likely belongs within
Anoplodermatinae based on observations of adult morphological characters (pattern of tibial
spurs, long pilosity on prothorax and other body parts, and pectinate antennae in males).
Vesperinae is primarily Mediterranean, Philinae is mainly Oriental, Anoplodermatinae is
restricted to Southern and Eastern South America, and the tribe Vesperoctenini is exclusive to
Western Mexico (Svacha and Lawrence, 2014). The family includes some morphologically very
distinct genera (the strangest of which is perhaps the monotypic Hypocephalus armatum
Desmarest). Vesperidae are terricolous and may have evolved from internal root feeders (Svacha
et al., 1997). As such, they have evolved a modified body form (e.g., head morphology) well
adapted for burrowing (Svacha et al., 1997). Their larvae are also unlike those of any other group
of longhorned beetles (Svacha and Lawrence, 2014). The monophyly of Vesperidae has been
repeatedly questioned (e.g., Vives 2001; Svacha and Lawrence, 2014) and its relationship to the
other families of Cerambycidae s. l. remains uncertain. We included exemplars from all
subfamilies of Vesperidae in our study (though Vesperoctenus was not included) and the family
was recovered as monophyletic in all of our analyses (figs 3.2-3.7 in appendix 2). Specifically,
Philinae and Vesperinae were recovered as sister groups, with Anoplodermatinae as their sister.
The closer relationship between the former two is not entirely surprising considering their adults
share structural similarities (e.g., both have a membranous spermatheca, unlike any other
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longhorned beetle; Saito, 1990). We recovered Vesperidae sister to Disteniidae + Cerambycidae
s. str. in analyses of NT sequence data (figs 3.2, 3.4, 3.6 of appendix 2). However, analyses of
AA data (figs 3.3, 3.5, 3.7 of appendix 2) recovered Vesperidae + Megalopodidae + Cheloderus
(Oxypeltidae) + Orsodacnidae sister to Cerambycidae s. str. + Disteniidae.
The phylogenetic placement of the two genera (Cheloderus and Oxypeltus Blanchard)
and three species of Oxypeltidae within Chrysomeloidea has long remained a mystery.
Oxypeltidae have a very distinct distribution (certain parts of Chile and Argentina) as a result of
their fidelity to larval host plants in the genus Nothofagus Blume (Nothofagaceae). Historically,
they have always been classified within Cerambycidae s. str. but placed in different subfamilies,
such as Prioninae (e.g., Cerda, 1972), Necydalinae or Lepturinae (e.g., Thomson, 1864;
Crowson, 1955). Eventually, they were placed in their own subfamily (Oxypeltinae) by Duffy
(1960), but were later considered a separate family based on larval morphological characters
(Svacha and Danilevsky, 1987; Svacha et al., 1997). There are a number of possible adult and
larval apomorphies supporting the monophyly of Oxypeltidae, though its relationship with the
other families of Cerambycidae s. l. is unclear (Svacha and Lawrence, 2014). Resolving its
phylogenetic position within Chrysomeloidea may in fact result in a revision of the classification
of Cerambycidae s. l. Current classification places Oxypeltidae as a family of Cerambycidae s. l.,
but as Svacha et al. (1997) noted, ‘oxypeltids are perhaps the greatest jeopardy for the
monophyly of the cerambyciform lineage’ (= Cerambycidae s. l.). Prado et al. (2012), McKenna
et al. (2009), and McKenna et al. (2015) recovered Oxypeltidae sister to Palophaginae in their
molecular phylogenetic analyses, and Svacha and Lawrence (2014) noted possible larval
characters (increased sclerotization and fusion of the labrum and clypeus) supporting a close
relationship between Oxypeltidae and Palophaginae. Consistent with the previously mentioned
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studies, we recovered Cheloderus, the only oxypeltid sampled in our study, sister to
Palophagoides (Megalopodidae: Palophaginae) with maximal nodal support in all our analyses
(figs 3.2-3.7 in appendix 2), rendering Megalopodidae paraphyletic, and Cerambycidae s. l.
polyphyletic. However, we could not assess the monophyly of Oxypeltidae since Oxypeltus was
not sampled. We also recovered Oxypeltidae and Palophaginae as sister groups in a ML analysis
of COI sequence data (not included here) obtained from GenBank, in which we included an
exemplar for every chrysomeloid subfamily for which COI sequence data was available.
Non-cerambycid relationships
Resolving relationships within non-cerambycid beetles was not within the scope of this
study. Nonetheless, our analyses corroborate previous findings on the phylogenies of
Chrysomelidae and Chrysomeloidea. Chrysomelidae was recovered monophyletic with
maximum nodal support in all our analyses (figs 3.2-3.7 in appendix 2), including Caryobruchus
(Bruchinae), consistent with many previous phylogenetic studies (e.g., Reid, 1995, 2000; Farrell
1998; Farrell and Sequeira, 2004; Duckett et al., 2004; Gómez-Zurita et al., 2007, 2008; Hunt et
al., 2007; Marvaldi et al., 2009; Lawrence et al., 2011; Bocak et al., 2014; McKenna et al.,
2015). Notably, Chelobasis (Cassidinae), whose members have bifid tarsal setae (see Stork, 1980
and Mann and Crowson, 1981), was recovered separate from the clade of chrysomelids that share
this morphological character in all our analyses [Lilioceris (Criocerinae), Sagra (Sagrinae), and
Caryobruchus (Bruchinae)], similar to Gómez-Zurita et al. (2008) and Marvaldi et al. (2009).
Caryobruchus (Bruchinae) was sister to Sagra (Sagrinae) with varying degrees of nodal support
in all our analyses of NT sequence data (figs 1, S1, S3), similar to Reid (1995, 2000), Farrell and
Sequeira (2004), Gómez-Zurita et al. (2008), and Bocak et al. (2014). This is also consistent with
Crowson (1955) who noted the close affinity of the two subfamilies based on adult morphology.
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Furthermore, the recovery of Chrysomelidae sister to a clade containing all other chrysomeloids
(Cerambycidae s. l., Megalopodidae, and Orsodacnidae) in all our analyses (figs 3.2-3.7 in
appendix 2) is consistent with McKenna et al. (2015).
Our study also sheds some light on the relationships of Megalopodidae and
Orsodacnidae, families that are thought to occupy transitional (but uncertain) positions between
Chrysomelidae and Cerambycidae. Historically, Megalopodidae has been treated as subfamily
Megalopodinae within Chrysomelidae (e.g., Seeno and Wilcox, 1982), though that classification
was questioned by several authors. For instance, Crowson (1960) noted that its larvae resemble
those of Cerambycidae more than any other chrysomelid larva. Other authors have noted the
possibility that megalopodids do not form a monophyletic group, and may be more closely
related to Cerambycidae than to Chrysomelidae (Schmitt, 1994; Reid, 1995, 2000; Svacha et al.,
1997). Today, Megalopodidae is widely accepted as its own family (e.g., Riley et al., 2003;
Clark et al., 2004; Alekseev and Bukejs, 2014). Interestingly, it was rendered paraphyletic by
Cheloderus in all of our analyses (figs 3.2-3.7 in appendix 2), and it was recovered outside of
Chrysomelidae. This is consistent with the results of Prado et al. (2012), McKenna et al. (2009),
and McKenna et al. (2015), and challenges the traditional classification and monophyly of this
family. In some recent phylogenetic studies, Megalopodidae was more closely related to
Chrysomelidae than Cerambycidae (e.g., Farrell, 1998; Fig. 4 of Farrell and Sequeira, 2004),
whereas others have recovered it closer to Cerambycidae (e.g., Hunt et al., 2007; Gómez-Zurita
et al., 2007, 2008; Fig. 3 of Marvaldi et al., 2009; Bocak et al., 2014; McKenna et al., 2015).
Thus, the monophyly of Megalopodidae remains questionable and its relationships to other
chrysomeloids is poorly understood. The family (24 genera and an estimated 450 species;
Lawrence and Ślipiński, 2014) is in dire need of a comprehensive phylogenetic study.

86

Aulacoscelis has historically been treated as belonging to Chrysomelidae (e.g., Crowson, 1946,
1955; Jolivet, 1959, 1988; Monrós, 1953, 1959; Mann and Crowson, 1996), until Kuschel and
May (1990) and subsequently Reid (1995) classified Aulacoscelidinae as a subfamily of
Orsodacnidae independent of Chrysomelidae. Interestingly, Sharp and Muir (1912) noted that
Orsodacne is more closely related to ‘the Longicorn type’ than to chrysomelids, based on
morphological characters (median lobe and internal sac of male genital tube). In addition, Suzuki
and Windsor (1999) concluded that Aulacoscelidinae and Orsodacninae are sister groups, based
on unique shared combined characters of the internal anatomy of the male reproductive system
that are unlike that of any chrysomelids. In some recent phylogenetic studies, Orsodacnidae was
more closely related to Chrysomelidae than Cerambycidae (e.g., Farrell, 1998; Fig. 4 of Farrell
and Sequeira, 2004; Gómez-Zurita et al., 2007) whereas others recovered it closer to
Cerambycidae (e.g., Hunt et al., 2007; Fig. 4 of Marvaldi et al., 2009; McKenna et al., 2015).
Orsodacnidae was monophyletic, with maximum nodal support, and exclusive of Chrysomelidae
in all of our analyses (figs 3.2-3.7 in appendix 2). This is consistent with Kuschel and May
(1990), Reid (1995), and Schmitt (1994), and similar to the results of Gómez-Zurita et al. (2008)
and Farrell and Sequeira (2004). Relationships among Orsodacnidae and the families of
Cerambycidae s. l., Chrysomelidae, and Megalopodidae are not yet resolved. Future
phylogenetic studies of Chrysomeloidea should include more exemplars of the 3 genera and
nearly 33 species of Orsodacnidae (Svacha and Lawrence, 2014) to help clarify their
interrelationships.

Conclusion
This is the first study to use hybrid enrichment to generate DNA sequence data for
phylogeny reconstruction in beetles. It is also the first molecular phylogenetic study focused on
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resolving relationships among the families and subfamilies of Cerambycidae s. l. and s. str. Our
results are suggestive of a monophyletic Cerambycidae s. str., however the monophyly of
Cerambycidae s. l. is questionable and requires further study. In particular, future studies should
focus on assessing the monophyly and interrelationships of Megalopodidae and Oxypeltidae, and
thus the monophyly of Cerambycidae s. l. It would also be desirable to include Vesperoctenus in
the taxon sample, to assess the monophyly of the family Vesperidae, and to determine the
relationships among its subfamilies. Other remaining questions concern the monophyly of certain
subfamilies of Cerambycidae s. str. (mainly Necydalinae, Cerambycinae, and Prioninae) and
their relationships with one another (e.g., relationship between Prioninae and Parandrinae, and
between Cerambycinae and Dorcasominae), not to mention the phylogenetic placement of
subfamilies of Chrysomelidae that were not sampled. The present work nonetheless provides
new insights into the phylogeny of Cerambycidae s. l., and serves as a robust framework for
future, more deeply taxon-sampled phylogenetic studies of the families and subfamilies of
superfamily Chrysomeloidea. It will also facilitate future evolutionary studies of Cerambycidae
s. l. (e.g., pertaining to host associations, biogeographic origins, pheromones, mimicry, etc.), and
promote studies on the biological control, monitoring, and conservation of this ecologically and
economically significant group of beetles.
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Appendix 2
Table 3.1: Nomenclature and terminal taxa used in this study. Note that Cerambycidae sensu lato
were polyphyletic and Megalopodidae paraphyletic in all analyses because the genus Cheloderus
(Oxypeltidae) was invariably recovered as sister to Palophagoides (Megalopodidae:
Palophaginae).
Superfamily

Family

Subfamily (Type genus)

Genus

Species

Callisphyris

macropus

Megacyllene

robiniae

Dorcasomus

mirabilis

Prionus

coriarius

Tragosoma

depsarium

Acutandra

araucana

Desmocerus

palliatus

Rutpela

maculata

Necydalis

formosana

Lamia

textor

Anoplophora

glabripennis

Tetraopes

tetrophthalmus

Asemum

striatum

Spondylis

buprestoides

Cyrtonops

punctipennis

Distenia

japonica

Vesperinae (Vesperus)

Vesperus

sanzi

Philinae (Philus)

Philus

pallescens

Migdolus

fryanus

Mysteria

darwini

Oxypeltinae (Oxypeltus)

Cheloderus

childreni

Orsodacninae (Orsodacne)

Orsodacne

cerasi

Aulacoscelidinae (Aulacoscelis)

Aulacoscelis

costaricensis

Zeugophorinae (Zeugophora)

Zeugophora

varians

Palophaginae (Palophagus)

Palophagoides

vargasorum

Bruchinae (Bruchus)

Caryobruchus

gleditsiae

Sagrinae (Sagra)

Sagra

femorata

Criocerinae (Crioceris)

Lilioceris

lilii

Galerucinae (Galeruca)

Diabrotica

undecimpunctata

Cryptocephalinae (Cryptocephalus)

Neochlamisus

bebbianiae

Cerambycinae (Cerambyx)
Dorcasominae (Dorcasomus)
Prioninae (Prionus)

“Phytophaga”

Cerambycidae sensu lato

Parandrinae (Parandra)
Cerambycidae
sensu stricto

Lepturinae (Leptura)
Necydalinae (Necydalis)

Lamiinae (Lamia)

Spondylidinae (Spondylis)

Disteniidae

Disteniinae (Distenia)

Chrysomeloidea

Vesperidae
Anoplodermatinae (Anoploderma)
Oxypeltidae
Orsodacnidae

Megalopodidae

Chrysomelidae

Cassidinae (Cassida)

Chelobasis

perplexa

Nemonychidae

Rhinorhynchinae (Rhinorhynchus)

Rhynchitomacerinus

kuscheli

Attelabidae

Rhynchitinae (Rhynchites)

Merhynchites

bicolor

Nitidulidae

Nitidulinae (Nitidula)

Aethina

tumida

Cucujidae

Cucujinae (Cucujus)

Cucujus

clavipes

Curculionoidea

Cucujoidea

101

Table 3.2: Data used to design anchored hybrid enrichment probes for Coleoptera.
Superfamily
Chrysomeloidea
Chrysomeloidea
Chrysomeloidea

Family
Cerambycidae
Cerambycidae
Cerambycidae

Subfamily
Cerambycinae
Cerambycinae
Lamiinae

Genus
Phymatodes
Xylotrechus
Anoplophora

Epithet
amoenus
colonus
glabripennis

Data Type
Genome
Genome
Genome

Chrysomeloidea

Cerambycidae

Lepturinae

Rhamnusium

bicolor

Transcriptome

Chrysomeloidea
Chrysomeloidea

Chrysomelidae
Chrysomelidae

Bruchinae
Chrysomelinae

Callosobruchus
Chrysomela

maculatus
tremulae

Genome
Transcriptome

Chrysomeloidea

Chrysomelidae

Chrysomelinae

Gastrophysa

viridula

Transcriptome

Chrysomeloidea

Chrysomelidae

Chrysomelinae

Leptinotarsa

decemlineata

Transcriptome

Chrysomeloidea

Chrysomelidae

Donaciinae

Donacia

marginata

Transcriptome

Chrysomeloidea

Chrysomelidae

Galerucinae

Diabrotica

undecimpunctata

Genome

Curculionoidea

Brentidae

Brentinae

Arrhenodes

sp.

Transcriptome

Curculionoidea

Curculionidae

Dryophthorinae

Sitophilus

oryzae

Transcriptome

Curculionoidea

Curculionidae

Dryophthorinae

Rhynchophorus

ferrugineus

Transcriptome

Source
Robert Mitchell (University of WI Oshkosh)
Robert Mitchell (University of WI Oshkosh)
Asian Longhorned Beetle Genome Project
(https://www.hgsc.bcm.edu/arthropods/asian-longhorned-beetle-genome-project)
1000 Insect Transcriptome Evolution project
(http://www.1kite.org/)
http://www.beanbeetles.org/genome/
Yannick Pauchet (Max Planck Institute of Chemical
Ecology)
Yannick Pauchet (Max Planck Institute of Chemical
Ecology)
Yannick Pauchet (Max Planck Institute of Chemical
Ecology)
1000 Insect Transcriptome Evolution project
(http://www.1kite.org/)
Hugh Robertson (University of Illinois at UrbanaChampaign)
1000 Insect Transcriptome Evolution project
(http://www.1kite.org/)
Yannick Pauchet (Max Planck Institute of Chemical
Ecology)
GenBank: PRJNA79205

Curculionoidea

Curculionidae

Molytinae

Pissodes

strobi

Transcriptome

GenBank: PRJNA186387

Curculionoidea

Curculionidae

Scolytinae

Dendroctonus

ponderosae

Transcriptome

GenBank: PRJNA178770

Curculionoidea

Curculionidae

Scolytinae

Ips

typographus

Transcriptome

Cucujoidea

Cryptophagidae

Atomariinae

Atomaria

fuscata

Transcriptome

Tenebrionoidea

Tenebrionidae

Tenebrioninae

Tribolium

castaneum

Genome

Caraboidea
Coccinelloidea
Hydradephaga
Cleroidea

Carabidae
Coccinellidae
Hydroscaphidae
Cupedidae
Byturidae

Carabinae
Coccinellinae
Hydroscaphinae
Cupedinae
Byturinae

Calosoma
Harmonia
Hydroscapha
Priacma
Byturus

scrutator
axyridis
redfordi
serrata
ochraceus

Genome
Genome
Genome
Genome
Transcriptome

Cleroidea

Cleridae

Clerinae

Thanasimus

formicarius

Transcriptome

Mengenilloidea

Mengenillidae
Corydalidae

Mengenillinae
Chauliodinae

Mengenilla
Chauliodes

moldryzki
pectinicornis

Genome
Genome

1000 Insect Transcriptome Evolution project
(http://www.1kite.org/)
1000 Insect Transcriptome Evolution project
(http://www.1kite.org/)
http://beetlebase.org/
Richards et al., 2008
Duane McKenna (Unpublished)
Duane McKenna (Unpublished)
Duane McKenna (Unpublished)
Duane McKenna (Unpublished)
1000 Insect Transcriptome Evolution project
(http://www.1kite.org/)
1000 Insect Transcriptome Evolution project
(http://www.1kite.org/)
GenBank: PRJNA181027
Duane McKenna (Unpublished)
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Figure 3.1: Representatives of the subfamilies of Cerambycidae sensu stricto. a: Cerambyx cerdo
Linnaeus (Cerambycinae; Image courtesy of Stefano Trucco), b: Lamia textor Linnaeus
(Lamiinae; Image courtesy of Serhey Ruban), c: Dorcasomus sp. Audinet-Serville
(Dorcasominae; Image courtesy of Petr Malec), d: Rutpela maculata Poda (Lepturinae; Image
courtesy of Paul Mitchy), e: Necydalis mellita Say (Necydalinae; Image courtesy of Jeff Gruber),
f: Parandra polita Say (Parandrinae; Image courtesy of John and Kendra Abbott/Abbott Nature
Photography), g: Prionus coriarius Linnaeus (Prioninae; Image courtesy of Nikola Rahmé), h:
Spondylis buprestoides Linnaeus (Spondylidinae; Image courtesy of Serhey Ruban).
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Figure 3.2: Maximum likelihood phylogeny for nucleotide data partitioned in PartitionFinder v1.1 with the RAxML option, and using
the hcluster algorithm to search for the best partitioning scheme using the BIC criterion. Maximum likelihood bootstrap support
(MLBS) is shown only for nodes with MLBS < 100%. Information regarding the systematics of the sampled exemplars is indicated on
the right of the tree.
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Figure 3.3: Maximum likelihood phylogeny for amino acid data partitioned in PartitionFinder v1.1 with the RAxML option, and using
the hcluster algorithm to search for the best partitioning scheme using the BIC criterion. Maximum likelihood bootstrap support
(MLBS) is shown only for nodes with MLBS < 100%. Information regarding the systematics of the sampled exemplars is indicated on
the right of the tree. Branches in red indicate differences in relationships between this phylogeny and that in figure 3.2.
106

96

99

99

48
88

70

Tragosoma_Prioninae
Prionus_Prioninae
Acutandra_Parandrinae
Callisphyris_Cerambycinae
Dorcasomus_Dorcasominae
Megacyllene_Cerambycinae
Rutpela_Lepturinae
Desmocerus_Lepturinae
Necydalis_Necydalinae
Anoplophora_Lamiinae
Lamia_Lamiinae
Tetraopes_Lamiinae
Asemum_Spondylidinae
Spondylis_Spondylidinae
Cyrtonops_Disteniinae
Distenia_Disteniinae
Philus_Philinae
Vesperus_Vesperinae
Migdolus_Anoplodermatinae
Mysteria_Anoplodermatinae
Orsodacne_Orsodacninae
Aulacoscelis_Aulacoscelidinae
Palophagoides_Palophaginae
Cheloderus_Oxypeltinae
Zeugophora_Zeugophorinae
Caryobruchus_Bruchinae
Sagra_Sagrinae
Lilioceris_Criocerinae
Neochlamisus_Cryptocephalinae
Chelobasis_Cassidinae
Diabrotica_Galerucinae
Rhynchitomacerinus_Nemonychidae
Merhynchites_Attelabidae
Aethina_Nitidulidae
Cucujus_Cucujidae

Cerambycidae
s. str.

Disteniidae
Vesperidae

Orsodacnidae
Megalopodidae
Oxypeltidae
Megalopodidae

Chrysomelidae

Outgroups

0.2

Figure 3.4: Unpartitioned maximum likelihood phylogenetic tree for nucleotide data inferred in RAxML 8.1.5. Maximum likelihood
bootstrap support (MLBS) is shown only for nodes with MLBS < 100%. Information regarding the systematics of the sampled
exemplars is indicated on the right of the tree.
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Figure 3.5: Unpartitioned maximum likelihood phylogenetic tree for amino acid data inferred in RAxML 8.1.5. Maximum likelihood
bootstrap support (MLBS) is shown only for nodes with MLBS < 100%. Information regarding the systematics of the sampled
exemplars is indicated on the right of the tree. Branches in red indicate differences in relationships between this phylogeny and that in
figure 3.4.
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Figure 3.6: Phylogeny based on Bayesian inference for nucleotide data inferred in MrBayes 3.2.5. All nodes had a Bayesian posterior
probability value of 1. Information regarding the systematics of the sampled exemplars is indicated on the right of the tree.
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Figure 3.7: Phylogeny based on Bayesian inference for amino acid data inferred in MrBayes 3.2.5. Bayesian posterior probability
(BPP) values are shown only for nodes with BPP < 1. Information regarding the systematics of the sampled exemplars is indicated on
the right of the tree. Branches in red indicate differences in relationships between this phylogeny and that in figure 3.6.
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Chapter 4: Characterizing the antennal sensilla in the longhorned beetle
Cirrhicera sallei Thomson (Hemilophini: Lamiinae)
Introduction
The key identifying feature for the majority of longhorned beetles (family Cerambycidae)
is their characteristically long antennae which can exceed twice the body length in the males of
some species (though it is worth noting that some cerambycids do lack ‘long horns’, such as
some Prioninae and Spondylidinae, and all Parandrinae). They often exhibit sexual dimorphism
in antennal form, whereby the antennal length in males can be double that of females (Linsley,
1961). Heintz (1925) provided one of the earliest demonstrations of the function of these
appendages in cerambycids: Removing antennae from male lepturines prevented them from
recognizing conspecific females. Since then, and with the advancement of bioassays, it is well
established that antennae aid longhorned beetles in locating host plants and mates. Specifically,
in several species of cerambycids, mate recognition occurs via contact chemoreception mediated
by direct contact of male antennae with cuticular hydrocarbons on female elytra (e.g., Hanks,
1999; Ginzel and Hanks, 2003; Ginzel et al., 2003, 2006; Silk et al., 2011). For example, both
sexes of Phoracantha semipunctata Fabricius use their antennae to locate the larval host plant
(Eucalyptus L'Hér) via volatile compounds emitted by the latter (Hanks et al., 1996a). The males
of that species then search the eucalyptus logs to locate the females via antennal contact (Hanks
et al., 1996a), and also use their antennae in aggressive confrontations with other males (Hanks
et al., 1996b). As such, a male has higher chances of locating a female with longer antennae
(Hanks et al., 1996b). Though not all cerambycid species exhibit such behavior, it has been
demonstrated for several other species belonging to different subfamilies and tribes, such as
Callichroma velutinum Fabricius (Duffy, 1960), Acalolepta luxuriosa Bates (Akutsu and
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Kuboki, 1983), and several species of Monochamus Dejean (Okamoto, 1984; Edwards and Linit,
1991; Hughes, 1981). This suggests that selection pressures related to mating behavior resulted
in antennal sexual dimorphism in these beetles (Hanks et al., 1996a). The complete reliance on
chemical, as opposed to visual, recognition in these beetles likely evolved as a result of the
nocturnal habits of many species within this group (Hanks et al., 1996a; Ginzel, 2010).
Several longhorned beetles have had various aspects of their antennal morphology
imaged using scanning electron microscopy (SEM), such as P. semipunctata (Cerambycinae;
Lopes et al., 2002), Tetropium fuscum Fabricius (Spondylidinae; MacKay et al., 2014),
Monochamus spp. (Lamiinae; Dyer and Seabrook, 1975), Anoplistes spp. Audinet-Serville
(Cerambycinae; Liu et al., 2011), Xylotrechus grayii White (Cerambycinae; Chen et al., 2014),
Leptura spp. Linnaeus (Lepturinae; Zhang et al., 2011), and others. The crucial role that insect
antennae play in chemical communication often makes them a focus of studies on the
monitoring, management, and control of pest species. More specifically, antennal sensilla are
targeted in the design of semiochemical-based control methods (e.g., Reddy et al., 2005; Hall et
al., 2006). Sensilla are specialized cuticular sensory organs that are innervated by bipolar
neurons, and vary greatly in their morphology and location on insect body parts.
Interestingly, several species of longhorned beetles have dense brushes of setae in one or
several patches on their antennae. In others, they are on different portions of the hind legs, and
some have them on both antennae and hind legs. The function of these setal brushes remains
unknown. Belt (2004) describes an encounter with Coremia hirtipes Bates (synonym of C.
plumipes Pallas; a species that has setal brushes on its hind legs) in which the beetle was waving
its hind legs in the air in a manner that resembled hovering black flies. As such, he concluded
that they might serve to distract potential predators from the main body of the beetle (Belt,
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2004). Bates (1863) also came across C. hirtipes and mentioned encountering other longhorned
beetles with similar tufts of hairs on their antennae, though he could not deduce the exact
function of these ornamental structures. Cerambycid beetles with tufted antennae spend a lot of
time grooming these structures (Amy Berkov, personal communication), which suggests a
substantial energetic maintenance cost to evolving these features. The function and evolution of
these antennal features remains poorly understood. Yet, there are no published studies on the
SEM imaging of the antennae of a cerambycid species with antennal tufting.
I visited the Smithsonian National Museum of Natural History in Washington D.C. and
informally surveyed the cerambycid collection for species with antennal tufts. Despite the large
size and broadly comprehensive nature of this collection, I found specimens of cerambycids with
antennal tufts only in the subfamilies Lamiinae and Cerambycinae. In most cases, the species
were Neotropical or Australasian. These preliminary observations suggest a geographical pattern
in the presence of antennal tufts in cerambycids, in addition to multiple origins of evolution for
this morphological character in the higher-level phylogeny of Cerambycidae s. str. In the interest
of shedding light on the function and evolution of these structures, I conducted exploratory
scanning electron microscopy on the antennae of Cirrhicera sallei Thomson (Lamiinae:
Hemilophini; Neotropical). My objective was to characterize the antennal sensilla (setae
innervated by one or more sensory neurons), particularly focusing my attention on the antennal
sensilla present on the tufted flagellomeres. I aimed to determine whether the tufted
flagellomeres had any unique sensilla or a unique distribution of sensilla that is dissimilar to that
of other beetles. This was intended to serve as a preliminary step towards better understanding
the function and evolution of these curious morphological structures.
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Methods
Beetle specimen
A specimen of C. sallei (Hemilophini: Lamiinae; Neotropical) was loaned from the
Smithsonian Institute’s National Museum of Natural History (SI-NMNH). This particular species
was chosen because there were many specimens of it in the collection (it was not a rare
specimen).
Scanning electron microscopy
The beetle was relaxed in a 60% ethanol solution using a method similar to that described
by Hanley and Ashe (2003). It was then soaked in a diluted detergent solution overnight to
remove lipids and debris. The antennae were then separated from the head and sonicated
(ultrasonicator bath; 55Hz) in 70% ethanol for 2 minutes. Finally, they were allowed to air dry
for 5 mins, then blown with air from a compressed air canister to ensure that the setal tufts were
properly dried and not matted.
The antennae were then mounted on an aluminum stub using double-sided carbon tabs.
They were sputter coated with gold palladium (15nm thickness) and examined with a FEI Nova
Nano SEM 650 (NN6500) scanning electron microscope (at 10 kV) at the Integrated Microscopy
Center at the University of Memphis.
Terminology
The cuticle is associated with many structures that vary across lineages. Microtrichia or
trichomes are simple cuticular structures that are not articulated and not in contact with the
hypodermis once they are formed. They do not have sensory cells. An example of specialized
microtrichia are the hairy soles of tarsomeres used for attachment. Setae are cuticular structures
that articulate in a movable socket and are in contact with the hypodermis (Beutel et al., 2013).
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According to Altner and Prillinger (1980), insect sensilla (sensory hairs or setae) are
cuticular structures that convey environmental stimuli to one or more sensory cells enclosed
within them. In arthropods, these sensory cells are bipolar neurons. The cuticular structure itself
varies greatly in morphology, but most have the form of a hair or peg. More specifically, a
sensillum consists of one or more sensory cells in addition to three other cells: a sheathproducing cell, a trichogen cell [produces the shaft (seta) of the cuticular structure], and a
tormogen cell (produces the socket of the cuticular structure).
Traditionally, sensilla have been identified based on their external morphology, which
can sometimes be very misleading because sensilla that are similar in morphology may have a
very different internal structure reflective of different functions, and vice versa. So effectively,
the same sensilla type may in fact have several subtypes. And there are also transitional forms
that connect the different types of sensilla (Altner and Prillinger, 1980).
Taking all this into consideration, identifying the different types of sensilla on C. sallei
was very challenging because published studies identifying and imaging beetle antennal sensilla
oftentimes adopted their own terminology for the types and subtypes of these structures. The
problem even extends to papers tackling the identification and characterization of sensilla of
other insects. As such, it is highly likely that different papers identified the same sensilla types
and/or subtypes differently. This is most often the case for sensilla chaetica and trichodea that are
frequently interchangeably identified in papers (e.g., see Di Giulio et al., 2012).
In this chapter, I identified the broad group to which each antennal sensillum type of C.
sallei belongs based on their external morphology. As a result of the nomenclatural discord in the
literature, I chose to focus on broad type identification for sensilla rather than subtype.
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Sensilla identification
Identification of sensilla was conducted following Dyer and Seabrook (1975). They were
first to characterize the antennal sensilla of cerambycid beetles (Monochamus spp.), specifically
describing nine different types of sensilla. Additional literature describing the morphology and
function of antennal sensilla in other beetles and insects was also used for comparison (see
citations in below section).

Results and Discussion
General comments
The antennal flagellum of C. sallei consists of nine flagellomeres. It is attached to the
head through a very long scape followed by a short pedicel (smallest antennal segment in C.
sallei). The condyle of the scape has a serrated and spiny sculpture with cuticular appendages
(see fig 4.1 in appendix 3).
Sensilla types
Long and distal sensilla chaetica: very long sensilla with thick grooved walls and a wide
socket/base (fig 4.2 in appendix 3). They range from 150 to 450μm and are aporous (e.g.,
Faucheux, 2011). The distal sensilla are concentrated at the distal end of the flagellomeres that
they are present on, and extend to come in contact with the consecutive antennal segment
(concordant with Dyer and Seabrook, 1975). Long sensilla chaetica were absent from
flagellomeres seven, eight, and nine. When present on the antenna, they were more concentrated
on the ventral border of the antenna than on the dorsal. They were particularly dense on
flagellomeres three and four (too many to count). Dyer and Seabrook (1975) speculated that
these sensilla may function as mechanoreceptors, wind receptors, or may even be capable of
perceiving sound. Interestingly, sensilla chaetica of mosquitoes are used by males to locate
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females via their flight sounds (McIver and Hudson, 1972). Crook et al. (2003) came to a similar
conclusion in Dectes texanus LeConte and noted that they probably limit movement at the
junctions between the different antennal segments. Additionally, Crook et al. (2003) noted that
these sensilla may play a role in monitoring air movement while flying, detecting sound (D.
texanus, like many species of cerambycids, stridulates), and male-female antennal jousting prior
to mating. Distal sensilla chaetica, when present, are more concentrated on the dorsal border of
the antenna of C. sallei. Dyer and Seabrook (1975) speculated that these sensilla are
proprioceptors, responding to changes in flagellar movement. Interestingly, distal sensilla
chaetica on the antennae of larval odonates have a similar function (Meurgey and Faucheux,
2006). Based on their general distribution on the antennae of C. sallei, long sensilla chaetica
likely assist the beetle in orienting itself on the substrate that it is on, and may also play a role in
male-female interactions.

Stout sensilla chaetica: thick-walled sensilla with deep v-shaped grooves (see fig 4.3 in appendix
3) that are 50 to 120μm, similar to those identified by Dyer and Seabrook (1975). They form a
~20 to 30-degree angle with the antenna (fig 4.2 in appendix 3; similar to SC2 and SC3 of
MacKay et al., 2014) and have constricted insertions (see fig 4.4 in appendix 3). These are the
most abundant sensilla on the antennae, and are also aporous (e.g., Faucheux, 2011). They are
most abundant on the dorsal border of the scape, pedicel, and flagellomere one. They
progressively increase in density attaining maximum abundance at the four distal flagellomeres,
likely protecting the underlying olfactory sensilla (Faucheux, 2011). Dyer and Seabrook (1975)
noted that this pattern of abundance is characteristic of male cerambycids of Monochamus spp.,
whereas females show a more uniform distribution. Dyer and Seabrook (1975) noted that these
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are likely mechanoreceptors. More specifically, they are used during tactile contact between
males and females that is necessary for copulation, and subsequent oviposition, to occur (e.g.,
Hanks et al., 1996b).

Sensilla trichodea: curved sensilla trichodea are long, thick-walled sensilla with tips protruding
beyond all other sensilla on the antenna, with no constrictions at the base (fig 4.5 in appendix 3).
Straight sensilla trichodea (32 to 84μm in length; fig 4.3 in appendix 3) are not curved and
project almost perpendicular to the antenna. They are sometimes associated with a cuticular pore.
It is worth noting that curved sensilla trichodea are nearly double the length of straight sensilla
trichodea. Their tips have a pore (uniporous), which in addition to their general structure, lead
Dyer and Seabrook (1975) to speculate that they may be contact chemoreceptors (concordant
with Schneider, 1964). Experiments with Phoracantha semipunctata Fabricius (Cerambycinae)
by Lopes et al. (2005) confirmed that role. Interestingly, sensilla trichodea are very abundant on
the antennae and maxillary palps of mosquitoes where they also function as olfactory receptors
by housing numerous olfactory receptor neurons (e.g., see Ghaninia et al., 2007). In C. sallei,
straight sensilla trichodea that were nearly perpendicular to the flagellum occurred in a field on
flagellomere two (fig 4.6 in appendix 3). Straight and curved sensilla trichodea appear to be most
abundant at the four most distal flagellomeres (present dorsally, ventrally, and laterally), where
they are slightly more abundant on the dorsal border. Curved sensilla are also present on the tip
of the most distal flagellomere. Their curved appearance and wider insertions make it easy to
distinguish them from the very densely distributed and abundant stout sensilla chaetica. Sensilla
trichodea are very rare at flagellomeres three and four. They do not appear to be present on the
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scape and pedicel. Interestingly, Faucheux (2011) described sensilla very similar to these, but
called them uniporous sensilla chaetica in Poracantha Newman.

Sensilla basiconica: short (4 to 27μm), thin, and mostly smooth-walled sensilla (though some are
known to have grooved walls) with a raised base. It is well established that they are multiporous
sensilla (e.g., see Faucheux, 2011). Dyer and Seabrook (1975) described them as chemoreceptors
that may aid in host plant location. Lopes et al. (2002) later confirmed their functional role in
plant odor recognition. There are many different subtypes in insects, but all are likely olfactory
sensilla that detect different odors, whether they are host plant related, environmental, or
conspecific (Chen et al., 2003). Sensilla basiconica (SB) were most abundant at the distal
flagellomeres in C. sallei (see fig 4.5 in appendix 3), and were also present at flagellomeres three
and four. Dyer and Seabrook (1975) described branched sensilla basiconica (in which two
sensilla arise from one base) in Monochamus, but none were found in C. sallei. I found three of
the four subtypes described by Chen et al. (2014) which vary in tip shape, degree of bending, and
socket. SB1 are the thinnest of the sensilla basiconica and have sharp tips (fig 4.7 in appendix 3),
SB2 are thicker than SB1 and have blunt tips (fig 4.8 in appendix 3), SB3 are similar to SB2 but
are bent (fig 4.8 in appendix 3). I could not find any SB4, which are sensilla basiconica with
forked tips (see fig 3C in Chen et al., 2014). Based on the location and abundance in C. sallei,
these sensilla likely aid in detection of pheromones, host-plant volatiles, and other olfactory
environmental cues. It is worth noting that other studies have identified subtypes of sensilla
basiconica whose function is not yet known (e.g., Di Giulio et al., 2012).
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Flask-shaped glands: small semi-spherical openings that are possibly gland openings (see fig 4.3
in appendix 3). In concordance with Dyer and Seabrook (1975), they co-occur with many
sensilla, specifically sensilla chaetica, trichodea, and campaniform sensilla. Their openings are
distributed around the sensilla, but are also found directly underneath the sensilla right at their
base, after their point of insertion into the antennae. Dyer and Seabrook (1975) speculated that
the sensilla provide protected locations for these gland openings. When they are present in the
vicinity of sensilla at the distal flagellomeres, two openings are usually visible, with one much
wider and deeper than the other. They decrease in abundance towards the distal segments of the
antenna where sensilla basiconica are very abundant. At the distal segments, they are
concentrated at the dorsal and ventral borders, and hardly present on the ventral portion of the
antennal segments. They are also present on flagellomeres three and four but in decreased
abundance, and are mostly associated with grooved peg sensilla (one per sensillum). These gland
openings are more abundant in males, and are thought to secrete pheromones that are recognized
by opposite sex conspecifics (Dyer and Seabrook, 1975). They may also be involved in species
recognition (e.g., Faucheux, 2011). I identified them based on their morphological similarity to
gland openings in other beetles, but transmission electron microscopy (TEM) is required to
confirm that these openings lead to glands. Behavioral bioassays would also be necessary to
determine the function that these glands serve in C. sallei.

Cuticular pores: spherical openings that are smaller in diameter than the openings of the flaskshaped glands described above (fig 4.9 in appendix 3). Some of these seem to be randomly
distributed on parts of the antenna, but some are associated with specific sensilla (e.g.,
basiconica, chaetica, trichodea). Similar structures were described in ground beetles by Ploomi et
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al. (2003), though their function was not described. Dyer and Seabrook (1975) also imaged
similar structures but referred to them as glands.

Böhm bristles [after Böhm (1911)]: aporous sensilla that are 20 to 25μm in length and found on
the junction between the scape and pedicel (fig 4.10 in appendix 3), and also on the junction
between the scape and the body (fig 4.1 in appendix 3) of C. sallei. They are difficult to
distinguish from a subtype of sensilla chaetica (SC5) described by Chen et al. (2014) that was
also present in that location in X. grayii. However, Böhm bristles are easily distinguishable
through their distinctive cone shape and their depressed insertions. They are also associated with
a cuticular pore. Schneider (1964) speculated that they are likely present in homologous locales
in all insects., though their patterns of distribution vary across insects (Markl, 1962). They have
been shown to control antennal positioning in moths (Krishnan et al., 2012). They likely function
as mechanoreceptors, specifically proprioceptors in beetles (e.g., Merivee et al., 1998, 2002).

Button-like sensilla/ possibly grooved peg sensilla: irregularly shaped sensilla in depressed pits
that usually co-occur with cuticular pores and flask-shaped glands (see fig 4.4 in appendix 3).
Though they are less common on the antennae than other sensilla, several of them are unusually
found on the dorsal border of the third flagellomere. They are likely olfactory or thermoreceptors
in Psylliodes chrysocephala Linnaeus (Chrysomelidae; Bartlet et al., 1999), and have previously
been identified as potential chemoreceptors or thermoreceptors (e.g., Altner and Loftus, 1985;
Hallberg, 1982).
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Sensilla coeloconica: smooth button-like sensilla in a depressed pit surrounded by cuticular
pores (fig 4.9 in appendix 3). These are extremely rare on the antennae of C. sallei, and there are
no published studies on beetle antennae that describe morphologically identical sensilla.
Interestingly, there are similar sensilla in gall wasps described as sensilla coeloconica type A by
Polidori and Nieves-Aldrey (2014), and described as sensilla coeloconica in a coccinellid beetle
(Jourdan et al., 1995). Polidori and Nieves-Aldrey (2014) further observed that this sensilla type
is more common on the antennae of tree-gallers than on those of herb-gallers, and they
hypothesized that these sensilla increase in response to having to gall in woody substrates. It
would be interesting to see if they are more common in the wood-boring cerambycids than on
antennae of other insects. Sensilla coeloconica have been identified in several insect orders
(Cockroaches: Tominaga and Yokohari, 1982; Ants: Ruchty et al., 2009; Beetles; Wasps) and
have been demonstrated to be thermoreceptors, hygroreceptors, chemoreceptors, or a
combination of some of these (e.g., Altner and Prillinger, 1980; Hannson et al., 1996; Pophof et
al., 2005). Identification of the function and subtype of the sensillum in figure 1 requires TEM
and analysis of its internal structure.

Sensilla campaniformia: small pegs emerging from a small opening that is slightly depressed.
The pegs protrude beyond the opening and are not concealed by the depression. The peg itself is
nearly 3.3μm in width. These are incredibly rare sensilla and I only identified one in C. sallei (fig
4.11 in appendix 3) that occurred very close to a field of sensilla coeloconica similar to Di Giulio
(2012). Zhang et al. (2011) who described the sensilla of Leptura spp., and Faucheux (2011)
who described them in Phoracantha spp. did not find this sensilla type. However, they were
identified in other cerambycids such as Monochamus spp. (Lamiinae; Dyer and Seabrook, 1975),
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Psacothea hilaris Pascoe (Lamiinae; Dai and Honda, 1990), and Xylotrechus grayii White
(Cerambycinae; Chen et al., 2014) among others. They are also present in other beetles (e.g., Di
Giulio et al., 2012) and are likely thermosensitive and hygrosensitive (e.g., Must et al., 2006,
2010). Identification of the function and subtype of this sensillum would also require TEM and
analysis of its internal structure.

Unidentified sensilla: wide (13.3 to 16.7μm) and long (roughly 222.2 to 833.3μm) sensilla with
very pronounced ridges that seem to twist spirally (fig 4.12 in appendix 3). Their spiraling is not
an SEM artifact since they appear to have the same morphology when observed under a
dissecting microscope prior to treatment for imaging. Insertions are not constricted and these are
only present (in great abundance and density) on the third and fourth flagellomeres (fig 4.13 in
appendix 3), and essentially constitute the tufts on the antennae of C. sallei. These unidentified
sensilla seem to provide cover for a number of other different sensilla on the third and fourth
flagellomeres: chaetica, trichodea, basiconica, grooved peg sensilla, flask shaped glands, and
cuticular pores. Published descriptions of beetle and arthropod antennae were lacking in
description of this sensilla type. However, Faucheux (2011) described aporous sensilla filiformia
in Phoracantha recurva Newman that are similar to those of C. sallei in length, and are
described as curved and undulated. They do not compare to the sensilla of C. sallei in density or
curvature, and they do not form tufts in P. recurva. Instead they are found all over the posterior
border of the antennae giving them a ciliated appearance (Faucheux, 2011). Faucheux (2011)
speculated that sensilla filiformia are likely receptors for sound or changes in wind currents. He
did not take detailed images of these sensilla, therefore it is not clear whether the sensilla on C.
sallei are similar to the sensilla filiformia of P. recurva.
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Observations and Conclusions
I found 13 morphologically different types of sensilla on the antennae of C. sallei. Future
studies require TEM in order to confirm the identity of many of these sensilla. Furthermore, it
would be ideal to include at least 4 specimens (2 of each gender) to check for variation across
individuals and sexes. It is interesting that there are no peer-reviewed descriptions of sensilla
comparable to those comprising the tufts on the antennae of C. sallei. They are similar in
morphology to long sensilla chaetica (in length and having grooved walls). However, their spiral
twisting is certainly a unique morphological feature. Considering the energetic cost of
maintaining these structures, it would seem improbable that they merely function as a
concentrated field of mechanoreceptors. Further, it seems unlikely that they evolved to provide a
protective cover for the underlying chemoreceptors on flagellomeres three and four because the
distal flagellomeres on the antennae have the highest concentration in olfactory and other
chemoreceptors. As such, it would be more likely that protective tufts would evolve on those
distal flagellomeres instead of flagellomeres three and four.
Interestingly, the number/density of sensilla on the antennae of social insects has been
associated with behavioral determination and heightened perception of certain odors. For
instance, in the weaver ant Oecophylla smaragdina Fabricius, worker castes differ in the number
of sensilla basiconica and sensilla trichodea on their antennae and mouthparts, which may be
responsible for differential behavior across castes in ants (Babu et al., 2011). Differences in
antennal sensilla numbers were also demonstrated across workers in bumble bees, whereby
larger workers had more antennal sensilla which gave them a higher sensitivity to certain odors
than the other worker castes (Spaethe et al., 2007). Furthermore, Gill et al. (2013) demonstrated
how the degree of worker ant aggression in O. smaragdina to enemy ants varied with the density
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of their antennal sensilla: those with fewer sensilla reacted less aggressively. Considering this, it
would be interesting to conduct behavioral bioassays on species like C. sallei to see if changes in
the number of sensilla on their tufts result in behavioral changes towards conspecifics or changes
in their sensitivity to certain host plant odors or conspecific pheromones. This would have
implications in the variation of individual fitness in the populations of such beetles: if antennal
tufts in optimal condition are in fact demonstrated to play a role in pheromone or host plant
detection, then those individuals in the population with damaged tufts (either from antennal
jousting with conspecifics or from older age) are at a disadvantage.
Without further information, one could speculate that antennal tufting in Cerambycidae
may serve numerous possible functions: Pheromone detection and/or dispersal which may be
used in spreading toxic volatiles from plants on the beetle’s body to deter predators, waved
around to distract potential predators from the beetle’s main torso, or used to rub pheromones on
the beetle’s body or a conspecific of the opposite sex. More SEM imaging needs to be done in
combination with TEM to clarify the function and evolution of these curious structures within
Cerambycidae. Ideally, these studies would include behavioral, ecological, and geographic data
to understand how the biology or environment of these cerambycids correlates with antennal
tufting. If antennal tufts are later determined to play a role in pheromone detection/dispersal, then
studying their structure and functional mechanisms will have important implications in
monitoring ecologically important or endangered native species of cerambycids. It will also aid
in the control/monitoring of pest species with tufted antennae such as Aristobia horridula Hope,
a significant pest of Pterocarpus macrocarpus (Burma padauk) Kurz in Thailand (Hutacharern
and Panya, 1996).
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Appendix 3

Figure 4.1: The serrated and spiny sculpture of the condyle of the scape is visible, in addition to Böhm bristles on the scape.
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Figure 4.2: Long and stout sensilla chaetica on flagellomere one.
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Figure 4.3: Enlarged view of a straight sensillum trichodea with flask-shaped gland openings visible below a broken stout sensillum
chaetica. The v-shaped grooves of stout sensilla chaetica can also be viewed here.
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Figure 4.4: Grooved-peg sensilla with flask-shaped gland. Constricted insertions of stout sensilla chaetica are also visible here.
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Figure 4.5: Most distal flagellomere with straight and curved sensilla trichodea, and sensilla basiconica.
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Figure 4.6: Field of straight sensilla trichodea on second flagellum.
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Figure 4.7: Sensilla basiconica type 1.
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Figure 4.8: Sensilla basiconica type 2 and 3 with flask-shaped gland openings. Differences in insertions of many of the sensilla are
easily viewed here.
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Figure 4.9: Sensilla coeloconica with cuticular pores.
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Figure 4.10: Böhm bristles on pedicel.
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Figure 4.11: Sensilla campaniformia.
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Figure 4.12: Magnified view of unidentified sensilla on tufted flagellomeres.
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Figure 4.13: Enlarged view of tufted flagellomeres.
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Chapter 5: Conclusion
Prior to this study, we knew very little about the relationships among the families and
subfamilies of Cerambycidae s. l. In fact, the phylogenetics of longhorned beetles consisted of
only a single study based on morphological data that was not comprehensively sampled, and
there were no published comprehensive and robust phylogenies for the group based on molecular
data. In order to shed light on the phylogeny of this remarkable and diverse group of beetles, I
first reviewed the current state of the phylogenetics of the superfamily Chrysomeloidea (in which
Cerambycidae s. l. lies) and then reconstructed the higher-level phylogeny of Cerambycidae s. l.
using an innovative phylogenomics approach that was recently developed. My dissertation work
presents a significant contribution to the phylogeny of longhorned beetles and gave me the
opportunity to be part of the team of researchers that applied anchored hybrid enrichment to
invertebrates for the first time. Furthermore, the scanning electron microscopy I performed on
the tufted antennae of a longhorned beetle presents the first such imaging of a longhorned beetle
with these antennal structures. The latter work is a contribution to the understanding of the
structure and function of these morphological features.
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